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Symbols
A
An k

)

az,c

n!j
p;k

Cpsc

hp,ho,, hN,

ho

ARy ¢ 37315
J

nozzle cross-sectional area, m?

constant coefficients in equation (36) for Cp, &

initial approximation of mols of COg per total mol equiva-
lence of C in mixture

constant coefficients in equation (35) for K, ;
molar heat capacity of species k, J/mol-K
specific heat capacity of carrier gas, J/kg-K
specific heat capacity of species k, J/kg-K
constant coefficients in equation (63) for p
constant coefficients in equation (66) for A
function defined by equation (111)

factor to account for carrier gas defined by equation (74)
function defined by equation (46)

specific enthalpy of total mixture, J/kg
specific enthalpy of gaseous mixture, J/kg
specific enthalpy of liquid water, J/kg
stagnation specific enthalpy, J/kg

specific enthalpy of fuel, O, and Ny in feed, J/kg

total specific enthalpy of feed to combustion chamber, J/kg
specific enthalpy of evaporation at 373.15 K, J/kg

nucleation rate, droplets formed/m3-s

mean nucleation rate defined by equation (108), droplets
formed/m3-s

equilibrium constant for reaction j
Knudsen number defined in terms of r
Knudsen number defined in terms of r,
Boltzmann constant, J/molecule-K

latent heat of evaporation at Ts(p;), J/kg

mean free path, m

mass of a water droplet, kg

average molecular mass of gaseous mixture, kg/molecule
average molecular mass of carrier gas, kg/molecule
molecular mass of water, kg/molecule

mass flow rate, kg total mixture/s

iteration index and atoms of carbon per molecule of fuel

iii
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number of droplets of kind ¢ per mass of total mixture,
droplets/kg

Prandtl number defined in terms of ¢, 1 (eq. (69))
pressure, N/m?

partial pressure of water vapor, N/m?

vapor pressure of water over a flat surface, N/m?
standard state pressure, 0.101325 MN/m?
Kantrowitz correction factor, equation (62)
condensation coeflicient

evaporation coefficient

universal gas constant, 8.314 J/mol-K

specific gas constant for mixture, R/W, J/kg-K
universal gas constant, 1.987 cal/mol-K

specific gas constant for carrier gas, R/W,, J/kg-K
specific gas constant for water, R/W1, J/kg-K
droplet radius, m

nozzle wall radius, m

critical droplet radius, m

specific entropy of total mixture, J/kg-K

specific entropy of water vapor at standard state pressure,

J/kg-K
specific entropy of liquid water, J/kg-K

specific entropy of evaporation at standard state pressure,
J/kg-K

temperature, K

temperature of gaseous mixture, K
temperature of liquid water, K
reduced temperature, T/T,

critical temperature of water, 647.3 K

saturation temperature based on partial pressure of water
vapor, K

time, s
time step, s
velocity, m/s

average molecular weight of gaseous mixture, kg/mol

(also W =1/Y)
average molecular weight of carrier gas, kg/mol

molecular weight of species k, kg/mol

iv
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Yo, Yu, Yo, Yn

Ye

Yp, Y02 ’ YN2
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Subscripts:

[

mass of liquid water per mass of total mixture
mass of carrier gas per mass of total mixture
distance along nozzle measured from throat, m
computational step along nozzle, m

mol number of mixture, mols/kg

equivalent total mols of elements C, H, O, and N per mass
of total mixture, mols/kg

mol number of species k, mols/kg

mo!l number of species k in gaseous mixture at point in
nozzle where J = J;n, mols/kg

mols of fuel, Oy, and N3 per mass of total mixture in feed,
mols/kg

mol fraction of species k

parameter defined by equation (112)

ratio of droplet radius to critical radius, r/rs
constant in equation (78)

thermal accommodation coefficient for carrier gas
interaction with water droplets

constant in equation (75); also, Langmuir parameter
ratio of specific heats

parameter defined by equation (82)

nozzle boundary layer displacement thickness, m
allowable iteration error

elemental ratio of hydrogen to carbon in mixture
elemental ratio of nitrogen to oxygen in mixture
parameter defined by equation (75)

parameter defined by equation (76)

thermal conductivity of gaseous mixture, J/s-m-K
viscosity of gaseous mixture, N-s/m2

parameter defined by equation (78)

parameter defined by equation (77)

mass density, kg/m?3

surface tension, N/m

equivalence ratio

parameter defined by equation (80)

parameter defined by equation (73)

carrier gas



1

373.15
Superscripts:
1

o

n

gaseous mixture

properties at interface between free molecular and contin-
uum regimes (see appendix A)

location index along nozzle axis

chemical species index (where k£ = 1 denotes water vapor)
liquid water

minimum

summation index

stagnation conditions

saturation condition except in equation (12) where it is
stoichiometric condition

water vapor

evaluated at 373.15 K

droplet type index

conditions at point in nozzle where nucleation just
begins, except p° denotes standard state pressure

of 0.101325 MN/m?
approximation
alternate approximation

sonic condition at nozzle throat

A caret (A) over a symbol indicates the feed condition to combustor.
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Introduction

Experimental studies of propulsion systems and
aerothermal-structural systems concepts for hyper-
sonic flight require wind tunnels that generate high
enthalpy flow. One approach to achieving such
flows utilizes combustion at a relatively high pres-
sure followed by expansion of the resulting combus-
tion products to form the test stream. A number of
combustion-driven wind tunnels burning various fu-
els and of various sizes have been built and operated.

Fuels for these facilities include hydrogen,
methane (as the major component of natural gas),
and isobutane each burning with air or oxygen-
enriched air. In all cases, the products of combustion
contain a substantial amount of water vapor. Con-
ditions for which condensation of water could occur
depend on the equivalence ratio, temperature, and
pressure In the tunnel combustion chamber, and the
extent of the expansion of the combustion products
in the nozzle. If liquid water does form, the process
experiences entropy production and the flow proper-
ties are altered relative to an isentropic expansion
There is therefore a need to be able to predict and
analyze the effects of nucleation and water droplet
growth in combustion-driven wind tunnels.

A great deal of computational and experimental
work has been carried out over the years on the nu-
cleation and droplet growth of liquid water from pure
steam. References 1 and 2 include reviews of previ-
ous studies and present computations and compar-
isons with experimental data for pure steam. One
of the most recent studies has been presented by
Young in references 3 and 4 and is the starting point
and basis for the present work. The method pre-
sented by Young for steam is modified and extended
to the rapid expansion of combustion products. This
requires the addition of a scheme to compute the
properties of the reacting gas mixture in the com-
bustion chamber and the subsequent expansion along
the nozzle prior to the formation of liquid water and
the modification of the nucleation and droplet growth
equations to account for the noncondensable compo-
nents of the combustion products.

The equations are developed for a quasi-one-
dimensional flow of combustion products; nucleation
and droplet growth are taken into account in the de-
velopment. A numerical scheme that employs these
equations is presented. Sample results for selected
conditions in the Langley 8-Foot High-Temperature
Tunnel are also given and show the general effects of
water condensation.

Development of Equations

The development of an appropriate set of equa-
tions for water condensation from a rapidly expand-
ing flow of combustion products follows closely the
approach presented by Young (refs. 3 and 4) for con-
densation of pure steam. In the present analysis, the
tunnel stagnation conditions and the subsequent ex-
pansion along the nozzle are described by a reacting
mixture of ideal gases in chemical equilibrium. The
condition of chemical equilibrium is applied along the
expansion until nucleation just begins, at which point
the temperature is low enough so that no further re-
action needs to be considered. Also the nucleation
and droplet growth processes take place in a gaseous
mixture of water vapor and a noncondensable car-
rier gas composed of the other combustion products
rather than pure steam. It should be noted that no
liquid water is formed while the condition of chemical
equilibrium is imposed and that no chemical reaction
takes place during nucleation and droplet growth.
Figure 1 is a schematic of a combustion-heated wind
tunnel to which this analysis is applied.

The description of the nozzle flow process from
the combustion chamber through the throat and un-
til nucleation just begins requires a set of flow equa-
tions, stoichiometric relationships, a set of equations
for computing the equilibrium chemical composition,
thermodynamic relations and properties for a react-
ing gas mixture, and a nucleation rate equation. This
process is indicated as part 1 and part 2 in figure 1.
Computation of the flow process for continued expan-
sion during nucleation and droplet growth requires
additional equations for transport properties, droplet
growth rate, and entropy production. This process
is indicated as part 3 in figure 1. The following
paragraphs present the specific equations required for
these processes.

Flow Equations

The continuity equation for quasi-one-dimensional
nozzle flow is

i = PGAU
1—w

(1)

where it has been assumed that liquid water and the
gaseous mixture have the same velocity. Equation (1)
applies along the entire expansion prior to liquid
water formation with w = 0 as well as with liquid
water present.

The momentum equation is

(1-w)dp
G

=-UdU (2)
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where again the liquid water and gaseous mixture
have the same velocity.
The energy equation for adiabatic steady flow is

N IL
ho = (1 — w)hg + Y w'hy + - (3)
1

where the first term on the right-hand side of equa-
tion (3) can be written as

(1-w)hg = (1 —w —we)hg1 +wechg,e (4)

Now in the region where water vapor condenses and
no further chemical reaction occurs in the gas phase,
the differential form of the energy equation (eq. (3))
becomes

(1 -w—we) dhg, +we dhg+UdU
=hgrdw— > w'dhy — > ki dw' (5
1 1

Stoichiometric Relationships

The computation of the chemical composition of
a reacting gas mixture composed of the elements C,
H, O, and N requires a specification of the elemental
constants Y¢, Yy, Yo, and Yy which represent the
equivalent total number of mols of each element
per mass of mixture. These four constants can be
determined by specifying the elemental nitrogen-to-
oxygen ratio 7N o, the elemental hydrogen-to-carbon
ratio 7y ¢, the equivalence ratio ¢, where

:YH/2+2YC (6)
Yo

and the four elemental constants are related by the
identity

¢

12Yc + Y + 16Yg + 14YN = 1000 M
It follows then that

v 500 @
T 8+ Tuno + ¢[(12+ nac)/(4 + muc)l
26Yo
_ Y 9
= THmmo (9)
YN =7n,0Y0 (10)
Yy = mu,cYe (11)

These elemental constants will be used in the set of
equations appearing in the next section.

The chemical composition of the feed stream to
the combustion chamber is also required. Although it
is possible to present a scheme for a more general fuel
type, attention is limited to aliphatic hydrocarbons
burning with a mixture of oxygen and nitrogen. For
this class of fuels, the stoichiometric reaction is

m m
CnHm + (n T Z) 0z = nCO; + THy0

and the stoichiometric ratio of fuel to oxygen in the
feed is

Y
Yo,/, n4+mmc)
so that
. 4¢ _
Yr=|——m-— 1Y, 13
F [n(‘i + nH,C)] Oz (13)

Also of course

Yx, = nv.0Y0, (14)
and since
~ Y,
Yo, == (15)
it follows that
v 250
O =
27 84 Tyno + 6 [(12+nuc)/(4 +mm.0)]
(16)

In the flow region where nucleation and droplet
growth occur, no further chemical reaction takes
place so that the mixture composition changes only
as a result of water condensation. The gaseous
mixture composition in this region can be expressed
in the following way in terms of the mass fraction
of liquid water formed and the mol numbers of each
species in the gaseous mixture just before any liquid
water is formed. Let w represent the mass of liquid
water in the stream per unit mass of total mixture
(liquid water plus gaseous mixture). Also let Y
represent the mol number of species k in the gaseous
mixture and Y’ denote the mol number of species k
in the gaseous mixture just before any liquid water is
formed. Now since the number of mols of liquid water
formed per unit mass of the total mixture is w/Wj
and the mass of gaseous mixture per mass of total




mixture is (1 — w), it follows that the mol number of
water vapor in the gaseous mixture is

Y? —w/W;
=1 —"—— 17
=1 (1)
in the region where nucleation and droplet growth
occur. The mol numbers for the other species, that
is for k > 1, are

YO
Y = —*& 1
k=T (18)
It also follows, since
1
> Y
k=1

that the average molecular weight of the gaseous
mixture is

1—w
W = Yo —wlWe w /W, (20)
where
10
=YYy (21)
k=1

Also, the mol fraction of any species in the gaseous
mixture is

v = W (22)

The average molecular weight of the carrier gas,
that is for all species in the gaseous mixture except
water vapor, is

10
V-1

or noting that ¥ = l/W and using the foregoing
expressions for yi, Y1, Y, and W, it follows that

i (24)

which is of course independent of the amount of water
condensed, w.
Equilibrium Chemical Composition

The equilibrium chemical composition of combus-
tion products includes 10 species numbered from 1
to 10 in the following order—H20, COq, CO, Oq,

Ha, N, H, O, OH, and NO. The composition is de-
termined by the simultaneous solution of the follow-
ing six chemical equilibrium relations corresponding
to the six listed reactions:

For reaction I, CO; + Hy = CO + H20,

YiY3
= —== 25
p,1 Y2Y5 ( )
For reaction II, 2C0Og = 2CO + Og,
YiYy p
Kpo=-3_>5 26
P2 Y22Y po ( )
For reaction III, Hy + O = 20H,
Y2
9 2
For reaction IV, Hy = 2H,
Y82 p
=—°-— 2
KP:4 Y4Y po ( 8)
For reaction V, O3 = 20
== 29
Kps Y,Y p° (29)
For reaction VI, O3 + Ng = 2NO,
Y2
K e 30
p,6 = Y4Y6 ( )
and the four elemental balance equations:
Yu=2Y1+2Y5+ Y7+ Y (31)

Yo = Y1 + 2Y, + Y3+ 2Y4 + Y + Yo + Y1 (32)
Yn =2Y5 + Yoo (33)

Yc=Y:+V3 (34)

The expression for K, ; is

6
K, j = exp (Z Bn,J‘Tg_z) (35)

n=1

where the constant coefficients B, ; are given in
appendix B. The constants Y, Yy, Yo, and Yy in
the four elemental balance equations are determined

3
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from equations (8) through (11) and the specification
of 7N,0, nH,c, and ¢.

Thermodynamic Relations and Properties

The starting point for determining the thermo-
dynamic properties of a mixture is an equation for
the molar heat capacity at constant pressure of each
chemical species expressed as

6
Cok = AnikTE 2 (36)
n=1

where A, is a set of constant coefficients given
in appendix B for each species over a temperature
range. In some cases, the specific heat capacity at
constant pressure is useful and can be written as

Cpk
bk
Cpk = (37)
P Wk
In addition to this expression for the kth species,
expressions for the specific heat capacity at constant
pressure and the ratio of specific heats for water
vapor are needed; that is,

-2
pal Wl

(38)
and

p,1
cp1 — Ry

M (39)

Similar expressions for the carrier gas are also needed
for computations of droplet growth and can be writ-
ten as

Z YCpk
e L o
and
[+
Ye = — (41)

epe — Re

The specific enthalpy of the gaseous mixture can
be obtained from the equation for Cp k, integration,
and summation over all species to give

10

hg = EY,C Ak InTg +
k=1

6 i 1
Z s
— -1

(42)
where the additional constant coefficients A7 in-

clude the standard state enthalpy of formation of
each species at the reference temperature of 298.15 K.

4

Numerical values of A7 are given in appendix B.
The units for hg are joules per kilogram of gaseous
mixture. An expression for the specific enthalpy of
water vapor in the mixture is also needed; that is,

™= 1
AlllnT(;-l- E—I—G—+A71
2
hg1 = - nW1 (43)

The units of hg 1 are joules per kilogram of water
vapor.

The specific entropy of the gaseous mixture can
also be obtained from the expression for Cy, ¢, inte-
gration, and summation over all species to glve

+(A2k—R)lnTG

sG = EYk[

6 "= -2 .
Z (; +Agk| — R In pg
__ R 10
~RIn (E)—RZY,C In Y, (44)
k=1

where Agj includes the standard state entropy of
formation of species k at the reference temperature of
298.15 K. Numerical values are given in appendix B.
For some applications it is convenient to invert this
equation to express pg as a function of s, T, and
the set of mol numbers Y ; that is,

Y. In Y,
pG = exp R Y

G —3sg — R In (R/p°)
R

(45)
where

k=1
6 n—2
= b A
+ n_s_:s n_2 + Ag i (46)

The equation of state for the gaseous mixture is

p = pgRTg (47)

_ 10 7!
whereRz‘%andW: Y
k=1




Computations in the flow region where nucle-
ation and droplet growth can occur require ad-
ditional equations for the enthalpy and entropy
of liquid water. An equation for the specific
enthalpy of liquid water is obtained by starting
with the specific enthalpy of evaporation of wa-
ter at 1 atm and 373.15 K from reference 5;
that is, ARG ; 375 15 = 2.2570 x 10° J/kg. Then us-
ing equation (43) at 7 = 373.15 K and the coef-
ficients Ap 1 given in table Bl(a), it follows that
hG 1,373.15 = —13.2933 x 10° J/kg. Also, the heat
capacity of liquid water in the region of interest is es-
sentially constant and is c;, = 4.2 x 103 J/kg-K. Now
since

hr — hp 373.15 = (4.2 x 10%)(T — 373.15) (48)
and

ARy 37315 = hG,1,373.15 — hr3r3as (49)

it follows that the specific enthalpy of liquid water is

hp = (4.2 x 103)T — (17.1175 x 10°) (50)

where the units of h;, are joules per kilogram of liquid
water.

The specific entropy of liquid water can be ob-
tained in a similar way. The specific entropy of evap-
oration of water at 1 atm and 373.15 K is

o
Ah% ¢.a73.15

— 3 -
sais = 60485 x 10° J/ke-K

o
Asy ,373.15 =

The entropy of water vapor at 1 atm and 373.15 K
is obtained by using the equation

lTn -2

[ A1,1/Tc + A2,;1 In Tg + Z —"—g—+A81

$G,1 = e

(51)
and the coefficients A, | given in table Bl(a) so that
$&,1,373.15 = 10.905 x 10° J/kg-K. Now since

T
373.15

(52)

s —sp373.15 = (42 % 10%) In
and

[s] —_— a0
AsY 373.15 = 9G,1,373.15 — SL,3713.15  (53)

it follows that the specific entropy of liquid water is

L =42x10% In T —20.0149 x 103 (54)

where the units of s, are joules per kilogram of liquid
water-kelvin.

An equation for the specific latent heat of evap-
oration of water at a temperature T is also needed
and is

L=hgy-hy (55)
It then follows from equation (50) that

L=hg1 —42x10°T +17.1175 x 10°  (56)

where hg ; is evaluated at T and the units of L are
joules per kilogram of water.

The vapor pressure of water is also required. An
expression for the vapor pressure of water over a flat
surface as a function of temperature was obtained
by fitting a curve to the tabulated values given in
reference 5; that is,

6641.7

Poo = €XP (55.897 — — 4.4864 In T) (57)

where poo has units of newtons per meter?.
The surface tension of water is represented by the
equation given by Young (ref. 4); that is,

o = (82.27 + 75.612Tx — 256.889T'%
+95.928T3) x 1073 (58)

where Tp = %;— with T, denoting the critical tem-
perature of water. The units of o are newtons per
meter. )

Finally, the critical droplet radius is obtained
from the well-known equation

r = 20 (59)

pLR1TG 1n (p1/poo)
where py = y1p and r, has units of meters. Droplets
larger than 7, tend to grow while droplets less than
r+ tend to evaporate.

Nucleation Rate

The nucleation rate equation given by Young can
be modified to take into account a carrier gas by
replacing the gas density in Young’s equation which
is for pure steam by the density of water vapor. This
follows from the argument that nucleation depends
on collisions between water molecules in the gaseous
phase and clusters of water molecules, both of which
are proportional to the density of water vapor. Now
since the density of water vapor in a gaseous mixture
can be expressed as
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PG,1 —— PG (60)

the nucleation rate equation for a gaseous mixture
that includes a carrier gas becomes

1/2
J= (ylrnl)? 20 \" e
1+Q\ m ™m3 PL
» —4nrio (61)
€ex —_
P\ 3T,

where ¢, is the condensation coefficient which Young
argued to be unity and

(-1 L ( L 1

= = - = 62
"{1+1 RITG RlTG 2) ( )

Q=2

is the nonisothermal correction factor given by
Kantrowitz in reference 6.

Transport Properties

The need to consider transport processes is lim-
ited to the flow region in which droplet growth
can occur. The temperature in this region is rela-
tively low so that viscosity and thermal conductiv-
ity data are required over a rather narrow tempera-
ture range. Furthermore, only seven chemical species
(H20, CO29, CO, Oz, Hy, N3, and NO) are present
in significant quantities at these temperatures.

The viscosity of the gaseous mixture can be ob-
tained by starting with an expression for the viscosity
of each species in the pure state and then applying a
mixing rule. The viscosity of each pure species can
be represented by a polynomial

4
pe =Y DniTa ! (63)
n=1

where the constant coefficients for each species D,
are given in appendix B. The viscosity of the gaseous
mixture containing these species can then be ob-
tained from the expression (ref. 7)

10

Lk
p= —1g (64)
=11+ g zzl Yedi e

ek

where

[t + (/) 2 W i) 4)
{81+ (Wi/ W)}/

bk,e =

The thermal conductivity of the gaseous mixture
can also be obtained by starting with a polynomial
expression in terms of temperature for each pure
species

4
M= EniTa! (66)
n=1

where the constant coefficients for each species E,,
are given in appendix B. The thermal conductivity of
the gaseous mixture can then be obtained by using
the expression (ref. 8)

1 10 1
k=1 W 3 Y/
k=1

Finally, the equations for the mean free path,
Prandtl number, and Knudsen number are

- RT,
be=15u G (68)
p
pr — p1F (69)
A
¢
and
¢
Kn, = —
me =5 (71)

where the specific heat at constant pressure for water
vapor is used to define the Prandtl number.

Droplet Growth Rate

The integrated droplet growth equation given by
Young for droplets with z = = > 1.1 can be written
as

83z +6 1 zipqg — 1
Q) g2~ -
ir1n 2 +0 +<9+1+ ) R

+ (Q+1-0)(241 — %)
L/ o 2\ _
+ 2 (Zj-;-l - zj) = AAt
(72)

¥ The constant of 1.5 used by Young is somewhat smaller
than 34/7/8 = 1.88 from simplified kinetic theory and some-

what larger than ': g = 1.26 from a considerably more elab-

orate calculation.



This equation also applies in the case with a carrier
gas present when (1 is defined as

_ €(1 —v)Kn,
= — P 7 7 (73)
where
e (1)
me\1/2 (’Yc + I)VICp,c
+ (1 - yl) (?) m] Q¢ (74)

The derivation of the factor [ is given in appendix A.
Expressions for the other parameters 8, A, £, and
v are

0 = 20Kn. (75)
_ [Ts(pl) _ TG]

A=A (76)
VB 2y

€= s+ ()

and

1 _ 2—gqgm+1 Cp,lTs(Pl)

v = RlTs(Pl) l:a+

L 2 2 2m L
1/2
xi<ﬁ) ] (78)
y1 \my

The saturation temperature Ts(p;) is based on the
partial pressure of water vapor in the mixture, and
71 and cp 1 are for water vapor. Also note that the
expression for v contains a term +1/2 rather than
—1/2 given by Young. This difference is believed to
be due to a typographical error in Young’s paper.

The integrated droplet growth equation given by
Young for droplets with z = - < 1.1is

r.o
zip1=1+ *.’J (z; — 1) exp(yAt)
Teg+1
1 dry
— ——— exp(vAt—1 79
broe p( ) (79

where the subscripts 7 and j+1 denote adjacent loca-
tions in the flow direction and At is the correspond-
ing time interval. This equation applies to the case

with a carrier gas present when 1 is defined as

p=— AL ML in ) -Te]  (80)

TJ'\/2‘ITETG 2y Lpp 1-v

where f and v are given by equations (74) and (78).

The temperature of the liquid droplets is also re-
quired. Young has developed the following equation
for Ty, which depends on T, Ts(p1), 7+, and 7:

(1 = r/7)[Ts(p1) — Tg]
1-vé

Ty, =Tg+ (81)

where

éKn/Pr

ﬁ%KﬁJfngr—n

and £ is given by equation (77). It should be
noted that equations (72) and (79) imply that the
droplets retain their identity as they grow and do
not agglomerate.

5= (82)

Entropy Production Equation

The approach taken by Young was to replace the
differential form of the momentum equation with an
expression for the increase in entropy due to wa-
ter condensation. The differential change in en-
tropy given by Young due to liquid water formation
also applies to a mixture containing a carrier gas if
expressed as

ds = {L - cp1[Ts(p1) - Ta]) [7}5 - ﬁ] dw

where the saturation temperature T5(p;) is based on
the partial pressure of water vapor in the mixture pj,
the specific heat of water vapor cp 1 is used, and the
latent heat L is evaluated at Ts(p1).

Numerical Solution

The foregoing set of equations can now be used to
obtain a numerical solution for the adiabatic expan-
sion of combustion products with nucleation and wa-
ter droplet growth. The numerical solution is divided
into three successive parts as indicated in figure 1.

Part 1 of Numerical Solution—Stagnation
Conditions and Mass Flow Rate

Part 1 of the numerical solution involves the spec-
ification of the feed conditions to the combustor, the
determination of the adiabatic flame temperature,

7
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the computation of the chemical composition of com-
bustion products in the combustor at a stagnation
temperature that allows for heat loss, and the deter-
mination of the mass flow rate.

Feed conditions. The first step in computing the
stagnation conditions in the combustion chamber is
to define the hydrogen-to-carbon ratio ny ¢ and the
number of atoms of carbon in a molecule of fuel n;
the nitrogen-to-oxygen ratio 7N o; the fuel equiva-
lence ratio ¢; the feed temperatures of the fuel, air,
and oxygen to the combustion chamber, Tp, Tam
and T02, and the pressure in the combustion cham-
ber, po. The selection of the fuel and the feed tem-
peratures determines the specific enthalpy of the fuel
hp as well as h02 and hN2

The feed composition in terms of ?p, }702, and
?Ng may be found by first solving equation (16) for
1702 and then equations (13) and (14) for Y& and

?Nz‘ The specific total enthalpy of the feed can then
be computed from the equation

EO = ?Fﬁp + ?02 ﬁ02 + ?NzﬁNz (84)

‘Adiabatic flame temperature. The adiabatic flame
temperature and the corresponding chemical equi-
librium composition are determined by the simulta-
neous solution of the elemental balance expressions
(egs. (31) through (34)), the equilibrium relations
(eqs. (25) through (30)), and the specific enthalpy
of the mixture with hg = hy (eq. (42)). Auxiliary
equations for the equilibrium constants (eq. (35)) and
the elemental constants (eqs. (8) through (11)) are
also required. A solution is obtained by iteration for
flame temperature T.

Equations (25) through (34) are solved simul-
taneously by the method of successive approxima-
tions. For flame temperatures up to 2000 K and
fuel lean conditions, the major chemical species are
H20, CO3z, CO, O, and Ng. Although significant
amounts of the other five species may be present,
estimates for the five major species noted can be
used for a reasonable initial approximation. If an
initial estimate of the ratio of the number of mols of
CO3 to total mols of carbon in the mixture a; ¢ is
made, and equations (31) through (34) are used with
Y5 =Y7 =Yg =Yy =Yg =0, it follows that a first
approximation for the mol numbers of the five major
species and the total mol number of the mixture is

Y1=— (85)

Y2 =aycYc (86)

Ys=Yo-Ys (87)
Yo-Yr-Y; —

y, =0~ Yc - 1—- Y2 (88)
Yn

Yo == (89)
2
Y Y; — —

Y = H+ Yo+ N+Yc-YI -1, (90)

2

If equations (25) through (30) are now also used
along with equations (31) through (34), the following
set of equations can be used to determine the chem-
ical composition for all 10 species through a series of
successive approximations:

KoY p° 1/2
Y; = Y- (”——> 91
s=Y2 (37 (91)
Y1Y3
Ys = 92
5= K.Y (92)
Yio = (KpYsYe) '/ (93)
_ 1/2
Yy = (Kp,3Y4Y5) (95)
p° 1/2
¥y = (K,,AYSY;) (96)
p° 1/2
Ys = (Kp,5Y4Y;) (97)
-2V — - Y
Y, = Yu 52 Y7 - Yy (98)
Yo=Yo-Y3 (99)
Y, = Yo—Yc—Y1—Yz—Ys—Yg—Ylo(IOO)
4 2
{Y4 + Yo-Ye- 1% YB"YQ_YIO]
Y= 5 (101)
10
Y =YY (102)
k=1

It should be noted that equation (100) led to step-
to-step oscillations in the solution for higher tem-
peratures. In order to avoid this problem, equa-
tion (100) was rewritten as equation (101) to pro-
vide some damping. The numerical value of Y; com-
puted in the previous iteration step is used in the



right-hand side of equation (101). After a stable so-
lution for the mol numbers Y, for £ = 1 to 10 is
achieved for a given temperature, the correspond-
ing specific enthalpy of the mixture h¢ is computed
from equation (42) and compared with the known
total feed enthalpy ho. If hg turns out to be less
than }Azo, the next approximation to the temperature
is increased and if greater, decreased. The final solu-
tion for the adiabatic flame temperature is obtained
when hg = ho.

Stagnation conditions. This study does not at-
tempt to compute the heat loss from the combustor,
however, the influence of an arbitrary heat loss has
been taken into account by assuming a stagnation
temperature T, that is somewhat less than the adia-
batic flame temperature. The chemical composition
at T, can then be determined directly by using the
scheme just presented. The stagnation enthalpy h,
and the stagnation entropy s, are then computed
from equations (42) and (44).

Mass flow rate. The mass flow rate is determined
in the following way. An isentropic expansion from
the combustion chamber is assumed and the mass
fAux pqU computed along the nozzle to find the maxi-
mum value of pgU. Since h, and s are constant along
the expansion, all flow properties can be computed
at a selected temperature that is less than T,,. This
computation uses an iteration on the pressure.

The choice of an approximate pressure, say p', at
the selected temperature T allows the computation
of a chemical equilibrium composition. This in turn
permits the direct computation of the density by
equations (45) and (46). The resulting density pg
and composition can then be used in equation (47)
to compute a pressure p. A comparison between p’
and p indicates the need to continue the iteration
process. When the iteration scheme gives a value of
p sufficiently close to p’, the pressure is determined.
The flow velocity U at this state is then computed
from equation (3) with no liquid water present; that
is,

U = [2(ho — ho)]'/? (103)

The mass flux pgU can therefore be found at
selected temperatures corresponding to successive
locations along the nozzle. The maximum mass flux
piU* occurs at the nozzle throat where the nozzle
cross-sectional area is A*. The mass flow rate is given
then by equation (1) with no liquid water present;
that is,

m = pU*A* (104)

This is the mass flow rate of the total mixture along
the entire length of the nozzle including the down-
stream conditions with liquid water formation.

Part 2 of Numerical Solution—Isentropic
Expansion and Beginning of Nucleation

Part 2 of the numerical solution involves the com-
putation from the nozzle throat to the beginning of
nucleation. It is assumed that the flow expands isen-
tropically and remains in chemical equilibrium with
no liquid water formation. At each step along the
nozzle the nucleation rate is computed to determine
at what point to include nucleation and liquid droplet
growth.

Isentropic expansion. The isentropic expansion
from the nozzle throat is obtained by noting that
s = 8, and h, = Constant along the nozzle. Start-
ing at T* and p*, a temperature T less than T is
selected. The pressure is then determined by itera-
tion and the values of pg, hg, and U computed by
the scheme given in part 1 of the numerical solution.
The area of the nozzle can then be computed from
equation (1) with w = 0; that is,

_m
rcU

The location of this particular point along the nozzle
is then determined by using the relationship that
defines the cross-sectional area as a function of nozzle
position z. This computation in general requires the
inversion of the expression of A as a function of z or
an iteration to find z for a given value of A.

(105)

Beginning of nucleation. The nucleation rate J is
computed from equation (61) where the appropriate
values of 71, hg,1, L, Poo, 0, and 7y are obtained
from equations (39), (43), (56), (57), (58), and (59),
respectively. This computed value of J is compared
with a value J,;, chosen such that a smaller value of
J does not generate enough nuclei to affect the flow
throughout the nozzle. Successively lower values of
T are taken along the nozzle until J > Jy;,. At
this point and downstream, the number of nuclei
formed is taken into account, and the droplet growth
equations are used.

Part 3 of Numerical Solution—Nucleation and
Droplet Growth

Part 3 of the numerical solution deals with the
computation of the nucleation process to determine
the number of droplets formed at successive loca-
tions along the nozzle and the subsequent growth
of the liquid water droplets. The starting point is

9
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the condition determined in part 2 of the numeri-
cal solution where the nucleation rate just exceeds
a threshold value. The index j is used to denote a
location along the nozzle, starting with j = 1 at the
beginning of part 3 (fig. 1), where all properties are
known. This also includes the chemical composition
of the gas phase. Since essentially no further chemi-
cal reaction takes place once nucleation and droplet
growth occur, the only change in the gaseous mix-
ture composition is due to the formation of liquid
water. The appropriate expressions for Y}, Y} (with
k =2 3, ..., 6), and W at any position along
the nozzle are thus given by equations (17), (18),
and (19). The computation proceeds in general at
location j where T', p, p, y1, U, s, A, z, and w are
known. All other required parameters at j can be
computed from this set. Note also that all properties
at j — 1 are known.

Computational steps along nozzle and nozzle area.
The first step in the determination of properties at
J + 1is to increase z; by Az so that

T;41 =75+ Az (106)

and to determine the nozzle area from the expression

Ajr1=f(zj+1) (107)
An iteration scheme based on adjusting T, as the
primary variable is then used to find a solutlon for

all properties at 7 + 1. Secondary iterations within
the loop for T} are also required.

Gas temperature. The first approximation for the
gas temperature at j+1is T; ;| = T} and it is further
assumed that 1n1t1a11y Pj+1 = Py and Uj+1 = Uj.
The value of T;,; is adjusted as a result of each
iteration step, and T]+1 = Tj41 is defined at this
point and used to test for convergence.

Formation of new droplets. The nucleation rate is
assumed to vary as exp(kz) as suggested by Young,
so that the appropriate mean nucleation rate ex-
pressed in terms of new droplets formed per unit vol-
ume per unit time at 7 over the volume from j — 7

to 7+ 7 is the logarithmic mean value; that is,

- J; -J,_
7, = j+1/2 ~ Ji-1/2 (108)

I
J+1/2
n
7—1/2

where J;, /9 and J;_; /5 are computed from equa-

tion (61). The number of new droplets formed at j
per unit mass of total mixture is therefore

. T.AA
Ant=T = 52T (109)
m
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Although the droplet size of this set formed at j will
change as it moves downstream, the number An'
in the set will remain constant unless some of the
droplets evaporate. Agglomeration of droplets is not
taken into account in these calculations. Note that a
set of droplets characterized by a single index 7 will
be formed at successive positions along the nozzle.
At any position j, there could be as many as J sets
of droplets each with a radius of »% T in the amount of

An? droplets per mass of total mlxture
Droplet growth. The computation of the droplet
radius at 7 + 1 employs equation (72) and appropri-

ate auxiliary equations for zJ —J— 2 1.1 or equa-

—-’—<11

Either equation requires the time interval that cor-
responds to the step size Az; that is,

tion (79) and auxiliary equations for z% 5

At= 282 (110)

Uj + UJ"f‘l
It should be noted that the derivation of equa-
tion (72) by Young used the argument that the prop-
erties of the gaseous mixture do not change between
locations 7 and 7+ 1. This means that equation (72)

can be used to compute r +1 Wwith only knowledge

of properties at 5. The solutlon for droplets in the
size range of z; 2 1.1 can be obtained by rewriting

equation (72) as
F=2;,1-2; - AAt (111)

where

3
Zj = 6+1

+(0il+ﬂ) ln( —1)

+(Q+l—9)zj+%z;

In (z +6)

(112)

The application of a Newton iteration scheme re-
quires dF'/ dz;, which is

dF 63
)
dzt, | (0+1)(J+1+9)
1+0Q(0+1 :
ALLAR + 241
(0+1)(J+1 1)

+(Q+1-06) (113)

Wiifi:
.
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so that the nth iteration gives

bl - L (ug)

Ziyq(n+1)= TIONER

The droplet radius at j + 1 when the iteration has
been completed is

TiHl = Zi41Te ) (115)

Equation (79) is used for the smaller droplets
when 2% < 1.1. In this case, the solution for 2},

requires knowledge of r, ;11 as well as properties at
j. An expression for drs/dt is

drs _ Tag+l T Txyg
dt At (116)

It should be noted that Young’s analysis assumed
that 3 in equation (79) and given by equation (80)
is a constant over the interval from j to j + 1 but
that the solution for 2 ; from equation (79) requires

knowledge of r, j11. This means that the computa-
tion of rJ 1 when z;- < 1.1 must use successively

revised values of r, ;. that correspond to the suc-
cessively revised values of T;

Mass of liquid water. The mass of liquid water

3
droplets that have a radius 7% 41 is 37rpL ( ]+1)

so that the mass of liquid water per total mass of
mixture for all droplets of type 7 at 7 + 1 is

. 4 . \3 .
w;-+1 =37hL (r}+1) Ant (117)

The total mass of liquid water per total mass of
mixture at j + 1 is

i+
Wj+1 = Z w;'+1 (118)
=1

Enthalpy and entropy of liquid water. Now in order
to compute the enthalpy and entropy of the liquid
water in the mixture, the temperature of the liquid
droplets of each type 1, Ti’ 41 must be determined
from equation (81). The enthalpy of the liquid at
] + 1 can then be computed from equation (50) using

Lj+1 bo get hLJ-I-l and hp, ;1 is obtained from

hpj+1= Z w; 41k 41 (119)

The entropy of the hquld water is computed like-
wise from equation (54) using TL 41 to get SLJ+1
so that

SLj+1 = Zw;'+131L,j+1 (120)
1

Entropy production. The next step is to compute
the entropy increase due to liquid water formation
by equation (83) with ds replaced by As; and dw by
Aw; where

Aw; = wjyy1 — wy (121)
The temperature and pressure used to determine
properties in equation (83) are

Tc i1+ Tq.q
Tg = _G_J“‘_lz__ci (122)
and . +p
J+1 J
== 12
a (123)

The value of L is evaluated at Ts(p1), and cp1 is
a very weak function of temperature so it can be
evaluated at Tg. The entropy of the total mixture
can therefore be written as

sj41 = 85 + Asj - (124)

Two-level iteration to determine Tg;. At this point,
the iteration scheme proceeds with an attempt to
find a value of T ;41 that satisfies the independent
computatlon of sG j+1. Simultaneously an iteration
is carried out to determine a value of pg ;1 by using
the known area at j + 1, Aj;, and the mass flow
equation. The two iteration schemes are as follows:

1. Tteration using entropy of gas mixture: One
equation for the entropy of the gaseous mixture can
be written as

s 87 4

7+1 — SLj+1

YA Rl £ 125)

1 (
G,J+ 1— wjit1

where all terms on the right-hand side have been
computed. A second and mdependent equation is
given by equation (44) from which SG i1 is com-

puted using pg j+1 and T j1+1. The 1terat10n at this
point assumes that s’é S+l is correct, fixes pG j+1,
and adjusts T ;41 until

(s'(’; - S'G)j+1

A < 126
e (126)

where
‘p = E YiCpx
k

11
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If this condition is not satisfied, the value of TG j+1 -

is revised according to the expression

noory.
Tj+1(n + 1) = Tj+1 (n) €xp [(SG—SG_);-H] (127)
cp— R
where T; 1 =T j41-

2. Iteration using nozzle area: After the con-
dition in equation (126) is satisfied, T;;; is used in
equation (42) to compute h,G,j+1' The specific en-
thalpy of the total mixture is then computed from

Wip1 = (L= wj1)hG o1 +hr i (128)
The value of U at j + 1 is then computed from

Ujar = [2(ho — )] /2

A value for the cross-sectional area of the nozzle at
J + 1 is then computed from equation (1); that is,

(129)

m(l — wyt1)

(130)
PG,i+1Uj 41

/ —

Aj+1 -

and compared with the known area Ajyy by using
the expression

Al — A
1 J+1
Lol 7 ce (131)
Aj1 '
If this condition is not satisfied, the density of the
gaseous mixture is computed from the equation

m(l—w;iq)

(132)
AU

PGI+1 =
and the iteration process returns to the computation
of s, 41 using this value of pg ;1 and the last
computed value of T; ;1. The iteration continues
until the condition in equation (131) is satisfied after
which p;, | is computed from equation (47).

The iteration for 7}, ; now includes the test that

‘Tj+l - 7?7"-|-1|

7
Ty

<e (133)

If this test is not satisfied, the iteration process
returns to the beginning (gas temperature) with T |
equal to its last value. When this test is satisfied j is
increased by 1 with z increased by Az (step along the
nozzle and nozzle area). This process is continued to
the nozzle exit.
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Computer Program

A computer program, FIRACON, has been de-
veloped to solve the finite-rate condensation problem
using the solution technique described in the present
paper. The program is written in FORTRAN Ver-
sion 5 language for the CDC® CYBER series digital
computer system, model 860, with Network Oper-
ating System. The program requires approximately
134000 octal locations of core storage, and a typi-
cal case requires approximately 200 seconds of cen-
tral processing unit time. Program input require-
ments and operating instructions are summarized in
the code which is included as appendix C.

Application of Computation Scheme to
Langley 8-Foot High-Temperature Tunnel

The numerical scheme presented in the previous
section has been applied to the Langley 8-Foot High-
Temperature Tunnel (8'HTT) for a selected set of op-
erating conditions. The 8 HTT is a large combustion-
driven wind tunnel that burns natural gas (mostly
methane) and air at high pressure in a cylindrical
combustor approximately 1 m in diameter and 7 m
long. The combustion products which are primar-
ily H20, COg, Oz, and Ng with smaller amounts of
Hy, CO, H, O, NO, and OH, expand as the test
gas from the combustor through an axisymmetric
conical-contoured nozzle to a test section with a di-
ameter of approximately 2.4 m (8 ft). The nozzle
length is approximately 16 m.

Numerical results are presented for five cases that
correspond to operating conditions of the 8’HTT.
The combustor temperature, pressure, and fuel
equivalence ratio for these cases are given in table 1.
The mole fraction of water vapor formed in the com-
bustor for each case is also listed. The conditions
for case 1 were established by selecting a combustor
pressure of 50 bars and an equivalence ratio that gave
a flame temperature of 2000 K. An arbitrary heat
loss from the combustor was included by selecting a
stagnation temperature that was 100 K less than the
flame temperature, that is, 1900 K. Conditions for
case 2 were obtained likewise but for a pressure of
250 bars. Conditions for case 3 and case 4 were ob-
tained in a similar fashion but for a temperature of
1600 K. Conditions for case 5 were obtained for 7,
= 1900 K and p, = 250 bars, the same as for case 2,
but for additional oxygen and an equivalence ratio
that yielded a mole fraction of 0.21 for Og in the test
stream. Note that the mole fraction of water vapor
in the combustor is 0.154 for cases 1 and 2, 0.122 for
cases 3 and 4, and 0.156 for case 5. The values used
for the coefficients g., @, o, 8, and J;, are also
indicated in table 1.




The nozzle contour of the 8 HTT was used to de-
fine the variation of the cross-sectional area along
the nozzle. Tabulated values of selected wall coordi-
nates ry, and computed boundary-layer-displacement
thicknesses 6* are tabulated in table 2. The numeri-
cal values of §* were computed from a modified ver-
sion of the boundary-layer scheme presented in refer-
ence 9. The inviscid nozzle contour that was used for
the quasi-one-dimensional computation was obtained
by subtracting §* from ry, at each location of z listed
in table 2. A spline fitting scheme for intermediate
locations was applied.

The computed results for case 1 with T, =
1900 K, p, = 50 bars, and ¢ = 0.798 are shown
in figure 2. Figure 2(a) shows the difference be-
tween saturation temperature and the gas temper-
ature Ts(p;) — Tg, the nucleation rate J, and the
mass fraction of liquid water formed. The tempera-
ture difference Ts(p1) — T is a measure of the de-
gree of supercooling and provides the driving force
for nucleation and droplet growth. The test gas
first becomes saturated with respect to water vapor
when Ts(p;) = T¢. This occurs at a nozzle loca-
tion just beyond z = 6.5 m. The temperature dif-
ference Ts(p1) — T then increases to a maximum
value of about 45 K at approximately z = 12 m after
which Ts(p1) — T decreases rapidly. Figure 2(a) also
shows that the nucleation rate J rises exponentially
and then decreases rapidly as Ts(p1) — T decreases.
The mass fraction of liquid water begins to be signif-
icant at about the point of the maximum nucleation
rate. The liquid water then continues to increase to
the end of the nozzle.

The formation of liquid water under these condi-
tions results in entropy production as shown in fig-
ure 2(b). The flow is isentropic until liquid water is
formed. The rather rapid formation of liquid water
initially causes a correspondingly rapid increase in
entropy followed by a more gradual increase as the
rate of liquid water formation decreases. This trend
is to be expected from equation (83).

The entropy production due to liquid water for-
mation affects the static pressure distribution along
the nozzle as shown in figure 2(c). The dashed curve
indicates the pressure distribution for an isentropic
expansion if no liquid water was formed. The solid
curve represents the computation that takes into ac-
count nucleation and droplet growth. Note that the
process follows the isentropic (dashed) curve to just
beyond a nozzle location of z = 12 m. At this point
the static pressure decreases less rapidly than indi-
cated by the isentropic process. The pressure then
increases somewhat to a maximum value after which
it decreases in parallel to the isentropic curve. This
departure from the isentropic pressure distribution is

due to the transfer of heat to the gaseous phase from
the liquid droplets. At the nozzle exit the static pres-
sure for case 1 with condensation is approximately
25 percent larger than that computed for isentropic
flow without condensation.

The growth history of the liquid droplets is shown
in figure 2(d). The single curve labeled 7« is the
critical droplet radius computed from equation (59).
Droplets that are larger than r. grow, whereas those
less than r4 evaporate. The series of curves indi-
cates the growth of the sets of droplets that were ini-
tially formed at successive stations along the nozzle.
Droplet sets that are formed but eventually evapo-
rate are also shown. Only a portion of the numerous
sets of droplets formed is included in figure 2(d).

The computed results for case 2 are given in
figure 3 and are also for T, = 1900 K but at a higher
pressure of p, = 250 bars. Figure 3(a) shows that
Ts(p1) — Tc increases earlier and more rapidly for
po = 250 bars than shown in figure 2(a) for po =
50 bars. Case 2 shows a slightly lower maximum
value of Ts(p1) — T and also an earlier and more

_rapid decrease in Ts(p;) — T along the nozzle. The

nucleation process also begins further upstream for
the higher pressure case and displays a more rapid
increase and decay. The maximum nucleation rate
also achieves a higher value for the higher pressure
case. Note also that liquid water forms earlier and
more rapidly for p, = 250 bars compared with p, =
50 bars. The total amount of liquid water formed for
the higher pressure case is approximately 60 percent
more than for case 1.

Figure 3(b) shows the entropy production for
case 2. A comparison with figure 2(b) shows that
the entropy rises more rapidly for the higher pressure
case. This is due to the more rapid formation of
liquid water. The entropy also attains a nearly
level value, but the total entropy increase is less
for p, = 250 bars than for p, = 50 bars. This
smaller entropy increase is a direct result of the
earlier collapse of the supercooling.

The static pressure distribution along the nozzle
for case 2 is shown in figure 3(c). A comparison of fig-
ure 3(c) with figure 2(c) shows that the higher pres-
sure case results in an earlier and more pronounced
departure from an isentropic process. The static
pressure at the nozzle exit for case 2 with conden-
sation is approximately 33 percent larger than that
computed for isentropic flow without condensation.

The droplet growth history for case 2 is shown in
figure 3(d). The results are similar to case 1 except
the liquid droplets form earlier, grow more rapidly,
and attain larger sizes.

The results from case 3 are included to in-
dicate the effect of a lower temperature and are

13
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presented in figure 4. A comparison of these re-
sults for T, = 1600 K with those for case 1 with
To = 1900 K shows that the lower temperature case
results in an earlier onset of nucleation and conden-
sation. More liquid water is formed even though the
total water vapor initially present in the test gas is
less for case 3 than for case 1. The static pressure
distribution plotted in figure 4(c) for case 3 shows a
more pronounced departure from an isentropic pro-
cess than was noted for either case 1 or case 2.
The static pressure at the nozzle exit computed for
flow with condensation is approximately 57 percent
greater than that computed for isentropic flow with-
out condensation as shown in figure 4(c). The re-
sults for case 4 with T, = 1600 K, p, = 250 bars,
and ¢ = 0.62 are presented in figure 5 and can be
compared with the other cases. The results for case 5,
which are for additional oxygen to give a test stream
containing 0.21 mole fraction of O, are presented in
figure 6. A comparison of these results with case 2
(fig. 3), which is also for 1900 K and 250 bars, shows
very little difference. The somewhat different com-
position of the combustion products produces an ex-
pansion that gives a water vapor saturation point for
case 5 that is slightly downstream of that for case 2.
All the curves shown in figure 6 for case 5 are there-
fore shifted slightly downstream relative to case 2.

The purpose of presenting these five cases is to
show a set of results that indicates the magnitude
and the general trends for the effects of water con-
densation in the Langley 8'HTT. The numerical val-
ues used for the coefficients gc =1, « = 8, and 3 = 2
are those suggested by Young for pure steam. The
value of o, = 1 was used to account for the non-
condensable carrier gas. Computations with values
of a; < 1 were also carried out but are not included,
and they give similar but less pronounced results.
The value of J,;, used was adjusted until a smaller

14

value had no effect. More appropriate values of the
empirical coefficients a, a;, and # might be deter-
mined from experimental data. These data would
include static pressure distributions along the nozzle
and water droplet size and concentration measure-
ments for supersonic expanding flow of combustion
products.

Concluding Remarks

An analysis and numerical scheme has been de-
veloped to treat the supersonic expansion of com-
bustion products that takes into account nucleation
and finite-rate growth of liquid water droplets. The
scheme has two limitations: the flow is assumed to
be quasi-one-dimensional and empirical coefficients
are required. This analysis has specific application
to the computation of flow properties in combustion-
heated wind tunnels such as the Langley 8-Foot High-
Temperature Tunnel (8'HTT).

Sample computations included in this paper are
based on the nozzle contour of the Langley 8'HTT.
The numerical values used for the empirical coeffi-
cients in these calculations are those suggested by
Young for pure steam. The results indicate that
the free-stream static pressure can be significantly
greater than that computed for isentropic nozzle flow
without condensation. The computed entropy pro-
duction also indicates a loss in total pressure relative
to isentropic flow. These computed results suggest
that this scheme can be used as a tool to interpret the
calibration and flow measurements in combustion-
heated wind tunnels. A calibration of combustion-
heated wind tunnels must take the effects of water
condensation into account.

NASA Langley Research Center
Hampton, VA 23665-5225
July 29, 1988




Appendix A

Extension of Young’s Droplet Growth
Equations To Include Carrier Gas

This appendix extends the droplet growth equa-
tions given by Young in references 3 and 4 for pure
steam to the case of water vapor in the presence of
a carrier gas. The carrier gas takes into account
the noncondensable gases contained in the products
of combustion. The equations for mass and heat
transfer given by Young for water vapor are used
and the appropriate equations for a carrier gas are
introduced.

Young’s analysis begins by writing the equations
for the free molecular transport regime and for the
continuum transport regime and then combines these
equations to find droplet growth equations that ap-
ply to the intermediate regime. Young postulates
that the transport processes can be described by free
molecular transport from the droplet surface out to a
distance of a few mean free paths and by continuum
transport beyond. The interface between these two
regimes is taken to be at r + 3¢ where 3 is a parame-
ter of the order of unity. Young has chosen a value of
B = 2. At this interface the pressure and tempera-
ture are denoted by p; and T;.

Free Molecular Transport Regime (Kn >> 1)

The mass transfer equation for water in the free
molecular regime from the droplet surface out to the
interface given by Young is

%= 2q:: 2 plz Qe Ps TL:
dt VerRyT: e \[2n Ry Ty,

(A1)

and the energy transfer equation in this regime is

(L ﬂ) = 4mr? Pig Mt 1cp,l(TL -T)

(A2)

The mass transfer equation is appropriate as it stands
with p; ; representing the partial pressure of water

vapor at the interface and Ry = R/W;. Equa-
tion (A2), however, includes only the energy transfer
due to water. An additional equation is required to
account for the parallel energy transfer due to the
carrier gas. The equation for the energy transfer due
to the carrier gas has the same form as equation (A2);
that is,

dt /21rETi 27,

Cp,cQ¢ (TL - Tt)

(A3)

where p. ; is the partial pressure of the carrier gas at

the interface, R, = R/W,, and o, is the thermal ac-
commodation coefficient for the interaction between
the carrier gas and a water droplet. It should be
noted that the thermal accommodation coefficient for
water vapor with a water droplet was assumed to be
unity by Young as is implied by equation (A2). The
total energy transfer in the free molecular regime due
to both water vapor and carrier gas is then the sum
of equations (A2) and (A3); that is,

d .
L —dj\i = 471'1'2__?%—7;-*— ICP’I(TL Tl)f (A4)
t \/27RT;
where

f=wn (ml) s +(1—w) (%)1/2 [—-——(% ks 1)71cp,c] o

(71 + 1)veep,1
(A5)
This expression for f is equation (74). Note that f
reduces to unity for the pure steam case.

Continuum Transport Regime (Kn <« 1)

Young points out that even when the conden-
sation rate is high, the pressure drop beyond the
interface due to bulk flow of water vapor towards
the droplet is negligible so that

Pi=p (A6)

The energy transfer equation in the continuum
regime given by Young is

dM -

.,(T - Te) (A7)
Equation (A6) can be used as it stands and so
can equation (A7) if A is taken to be the thermal
conductivity of the gas mixture.

Intermediate Regime

The mass transfer equation in the intermediate
regime is obtained by combining equations (A1) and
(A6); that is,

(_u_u_z 2qc a2 e ps(Tp,7)
dt \/21rR1T % \/2r R\ Ty,
(A8)

The energy transfer equation in the intermediate
regime can be developed by replacing p; in equa-
tion (A4) with p and combining that result with
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equation (A7) to obtain

2 -
LM _ 4rr (’\/T)(Z'L Tc) (A9)
dt 1 AV2rRT, 2y 1
"7+ r’p M tlcpf

Now if equation (68) is used to eliminate p and
equations (69) and (70) are used for Pr and Kn, it
follows that

dM anr? (A /r) (Tt — Tg)
L= = (A10a)
dt E(Kn/Pr)/T;/T,
[H% L« /}\/ /c]

and with the additional approximation that \/T;/Tg
can be taken as unity,

[ 9M _ anr?(\/r) (T, — Tg)

= A10b)
1 §(Kn/Pr) (
dt [I + 28Kn + F— ]
where
§= _\,81r 2 (A11)
1.6 m+1

Young continues his analysis by developing a
relationship between T7 — T and Ts(p1) — T First,

(Ty, — Tg) = [Ts(p1) — Tg] — (Ts — T1)
+ [Ty — Ts(p1)] (A12)

where T, is the saturation temperature that corre-
sponds to ps(Tr,7). Young states that a very good
approximation to the second term is

(T4 -Tp) = ZTu(pr) - Tol  (A13)

The third term, T, — Ts(p1), is obtained in the
following way. Equation (A4) with p; = p and
equation (A8) are used to eliminate dM/dt to obtain
an expression for ps(Ty,r)/p1; that is,

ps(T,r) _ g [TL |, _2-gcm+1cp1
P1 Qe T; 2qc 2y L

m\1l/
x (T — Ty) yi] (m—l)l 2] (A14)

Young then uses an approximate integral form of the
Clausius-Clapeyron equation,

R [To(p)? | ps(TL7)
L p1

T, - Ty(py) = (A15)

16

An expression for Ty, — T; in equation (A14) can be
obtained by equating equation (A4) with p; = p to
equation (A10a) to get

Ty —T; = §(Ty, - Tg) (A16)

where

5= SKo/Pr (A17a)

IVTe/T; | ¢K
j %2 =
The additional approximation used by Young that

VT /T; is unity leads to

_ ¢Kn/Pr
T + P

which is equation (82). Young also postulates that

6

(A17b)

% _,, T -T)

Py T (p1) + ... (A18)

where o is a constant and higher order terms are
neglected. Also note that

Ty, T, -T; )1/2
Lk T Al
T, ( T, +1 (A19)

Substituting equations (A18) and (A19) into equa-
tion (A14), taking the logarithm of both sides of the
resulting equation, and then using the approximation
In (1+2)=2zforz <1 yield

1o PeTLsr) _ a(Tp — Ti) + 3(Te — TY) _2-gm+1
3 Ts(p1) T; 2¢c 2

LA N AT S
x Bl -y L () (A20)

my

Substituting this expression into equation (A15) and
using equation (A16) give

T, — Ts(p1) = v6(TL — Tg) (A21)

where

lTs(pl) _ 2—g. m1+1
2 T 2q. 27

V= —Rsz(pl) [a +

A22a
L y1 \my ( )

X%HHMIL<ﬂJUT




The additional approximation that Ts(p1)/7; is unity
leads to

— EITS(PI) [a+ 1 . 2—q m+1 Cp,lTS(pl)
L 2 2qc 2y L

3 yil(mﬂl)l/z]

which is equation (78). A relationship between
(Tr, — Tg) and [Ts(p1) — T can now be formed by
using equations (A13) and (A21) in equation (A12)
to obtain

(A22b)

T /T

(T —Tg) = ——5—[Ts (p1) — TG} (A23)

This expression for T, — T can be substituted into
equation (A10b) and since the mass of a liquid water
droplet is

M= -;—wr3pL (A24)
the droplet growth equation becomes
dr__ MN-nILE)-Tel

dt (LPLT) [1-+ é - + E!KngPer - l/)]

This equation reduces to that given by Young for
pure steam for f = 1.

For droplets with 2 = = > 1.1, Young defines a
Knudsen number based on *a critical droplet radius
as

¢
KII* = m (A26)

and assumes that the vapor properties remain con-
stant over an integration step so that equation (A25)

can be written as

dz _ AL - 1/2)[Ts(m) - Tg]
dt  Lpr2 [2 - 2,(3Kn* + E(Kn#/P;)(l )]
(A27)
This equation can be integrated over a time step At
from z; to zj to give equation (72) where the terms
Q, f, 8, A, €, and v are defined by equations (73)
through (78).

For droplets with r/r. < 1.1, Young uses the en-
ergy transfer equation appropriate in the free molec-
ular regime; that is, equation (A4) with p; = p and
T; = Tg. Again if equation (A23) but with § = 1 and
equation (A24) are used, it follows that for [~ < L.1,

dr v+ 1 1- n/r
—_ Ts T
= i TR S
(A28)
Now define
_ P M +1Y ¢p,
d)_r\/mr_m;( 2 )LPLI Telp) = Talf
(A29)
so that J
r
—_np( ) (A30)

Subtraction of dr./dt from both sides of this equation
gives
d dr
(Tdt ) ”’Q{)(T—T*)——*

At this point, Young makes the approximation that
1 is constant over an integration step so that equa-
tion (A31) can be integrated over a time interval At
to give equation (79). An expression for i given by
equation (80) is obtained from equation (A29) with
r set equal to r;, and all other quantities in the ex-
pression for 1 are also evaluated at station j.

(A31)
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Appendix B

Thermodynamic and Transport Property
Data for Products of Combustion

This appendix lists a set of coeflicients from
which thermodynamic and transport properties can
be computed for products of combustion. The
thermodynamic properties can be computed over the
temperature range from 200 K to 3000 K and the
transport properties up to 500 K. The coefficients for
the thermodynamic properties were obtained from a
least-squares fit to tabulated heat capacity and equi-
librium constant values given in the JANAF Thermo-
chemical Tables (ref. 10). The coefficients for com-
puting viscosity were determined from a least-squares

fit to tabulated data presented by Touloukian, Sax-
ena, and Hestermans (ref. 7) and the coefficients
for computing thermal conductivity using tabulated
data presented by Touloukian, Liley, and Saxena
(ref. 8).

Table Bl lists coefficients A, ¢ (n=1, 2, ..., 6)
that appear in equation (36) for the heat capac-
ity, the integration constant for the enthalpy A7k
that appears in equation (42), and the integration
constant for the entropy Ag j that appears in equa-
tion (44). The numerical values listed correspond to
units for Cp, ¢ in calories per mol-kelvin. The coef-
ficients listed in table B1(a) apply to a temperature
range of 200 K < T < 1000 K and table B1(b) apply
to 1000 K £ T < 3000 K.

Table B1. Heat Capacity Coefficients A, ; (n =1, 2, ..., 6) and Constants of Integration

for Enthalpy A7 ; and Entropy Ag

Ap i forn =
k 1 2 3 4 5 8 Atk Ag k
(a) 200 K < T <1000 K
1| 6.41000E+01| 7.59151E+00| —8.41829E—-04| 6.68750E—06 | —5.19580E—09| 1.55769E—12|—6.04359E+04] 2.06410E+00
2| 1.04750E+02] 3.37574E+00| 2.38924E-02|—-2.68777E—05 | 1.71801E—08| —4.69551E—12| —9.65120E4+04| 2.61229E+01
3| —1.60500E+02; 9.06284E+00| —9.91073E—-03( 1.97943E—-05 | —1.49575E—-08| 4.10256E-12|—2.79118E+04 | —2.76320E+00
4| 4.94000E+01] 6.94324E+00|—3.59602E-03| 1.51603E—05 | —1.54277E—08| 5.20513E—12| —2.29792E4+03| 1.01347E+01
5| —4.26900E+02! 9.83533E+00|—7.22941E-03| 8.48001E—06 | —4.45280E—-09| 1.01282E—12|—2.44860E+02 | —~2.44460E+01
6! —1.51550E+02| 8.84079E+00|—8.29361E—03| 1.52780E—05 |{—1.03811E—08| 2.52244E—12|—1.51928E+03 | —3.22920E+00
71 0 4.96800E+00| 0O 0 0 0 5.06219E+04 | —9.14000E—01
8! 1.06200E+02| 5.01442E+00|—8.54283E—04| 1.74321E—06 | —1.46562E—09| 4.55128E—13| 5.74789E+04| 1.04430E+01
9| 1.65300E+02| 6.18380E+00| 2.60375E—03|-5.47821E—-06 | 5.88287E—09|-2.02564E—~12| 6.45433E+03| 8.62130E+00
10[-9.10512E+00| 8.49215E+00|—9.77414E—03| 2.32087E—05 |—1.98449E—08| 6.05054E—12| 1.93658E+04| 3.97820E+00
(b) 1000 K < T < 3000 K

1| 3.49199E+03|—-4.64184E+00| 1.68818E—02|—7.39530E—-06 | 1.68507TE—09|—1.58341E—13|—7.74261E+04| 7.74501E+01
2|—-2.22684E+03,| 1.37397E+01] 2.55399E—-03(—1.42507E—06 | 3.76285E—10|—3.87790E—14| —8.53153E+04 [ —3.47500E+01
3| —3.58341E+02] 6.31771E+00| 3.26443E-03|-1.66622E—06 | 4.13442E-10|—4.03866E—14 | —2.62483E+04 | 9.46980E+00
41-1.53922E+03| 1.07380E+01(—1.38694E~03| 5.81156E—07 | —5.58070E—~11 | —3.28450E—15| 5.83496E+03 | —1.64080E+01
5] 1.48203E+03| 2.67165E+00| 3.89978E—-03|—9.04231E—-07 | 6.54370E-11] 4.63902E—15|-9.63201E+03| 1.92568E+01
6| 5.22642E+02| 3.50182E+00| 6.39254E—03|—-3.40202E-06 | 8.93124E—10|-9.30231E—-14| —4.24934E+03| 2.58749E+01
71 0 4.96800E+00| 0 0 0 0 5.06219E+04 | —9.14000E—01
8] 8.12266E+01| 4.87159E+00| 7.49130E—05|-3.65807TE~08 | 7.95819E—12|-1.04187E—16| 5.76456E-+04| 1.09880E+01
9| 1.94043E+03| 5.88669E-01| 7.14722E—-03|-2.90201E-06 | 6.10537E—10|-5.27109E—14|—-2.41961E+03| 4.44795E+01
10| —-3.78024E+02| 6.62079E+00| 3.20444E—03|-1.87396E~06 | 5.15206E—10|—554624E—14| 2.17433E+04| 1.07487E+01
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Table B2 lists coefficients B, ; that appear in
equation (35) for the six equilibrium constants Kp, ;
that correspond to reactions I through VI (egs. (25

through (30)). The numerical values of By, ; listed
correspond to units for K, ; that are nondimensional
for j =1, 3, and 6 and are in atmospheres for j = 2,
4, and 5.

Table B2. Equilibrium Constant Coefficients B, ;

Bn,j forn =

7 1 2 3 4 5 6

1 5.09440E+03 | —5.98336E+00 1.65031E-03 | —4.45924E-07 4.89037E-11 8.42816E—-16
2 6.80400E+04 | —2.02038E+01 | —2.04607E-03 1.83617E—06 | —6.39945E—10 8.33955E—14
31 —5.22510E+04 | 1.04345E+01| 3.07030E—03 | —1.40641E-06 | 3.75299E-10 —4.25248E—-14
4| —5.97702E+04 1.26601E+01 3.26442E-03 | —1.76622E-06 5.10028E—10 | —5.95591E—-14
5| —9.40571E+03 3.89944E+00 3.06797E~05 | —2.40321E—-07 1.01593E—10| —1.35585E~-14
6 | —2.10521E+04 8.66294E—01 2.64558E—03 | —1.57780E—-06 4.66330E—10 | —5.46540E—14

Table B3 lists coefficients D, ; that appear in
equation (63) for the viscosity of the seven species
with k=1, 2, ..., 6, 10. The units for u; based on
this set of coefficients are newtons-second per meter?.
Table B4 lists coefficients E,,  in equation (66) for
the thermal conductivity of the seven species with
k=1, 2, ..., 6, 10. The units for Ay based on

this set of coefficients are joules per second-meter-
kelvin. Note that the viscosity and thermal conduc-
tivity data are only required in the region where wa-
ter droplet growth occurs, which is generally at a
temperature less than 500 K. Also, at these temper-
atures the species corresponding to k = 7, 8, and 9
do not appear in significant amounts.

Table B3. Coefficients in Expression for Viscosity Dy, i

Dy i forn =

k 1 2 3 4

1 -1.5371E-05 1.5429E-07 —3.1981E-10 2.7958E-13
2 —2.5212E-07 5.5024E—-08 —1.2381E-11 —-5.5279E-15
3 —4.987TE—-07 7.8689E—-08 —-6.9794E—-11 3.6438E—14
4 —-5.7709E—-07 8.8852E—-08 —7.0382E-11 3.4305E—-14
5 1.6225E-06 2.9338E—-08 —1.9878E-11 1.1391E—-14
6 —-6.0917E—-08 7.6311E-08 —6.4962E—11 3.2374E-14
10 —8.4886E—07 8.5390E—08 —~7.1595E—11 3.5702E—14

Table B4. Coefficients in Expression for Thermal Conductivity Ep,

E g forn=

k 1 2 3 4

1| —2.0450E-01 | 1.7566E—03 | —4.6279E~-06 | 4.2102E—09
2| —1.4403E-05 | 2.5166E—05 | 1.3405E—07 | —1.1069E—-10
3| 5.3712E—04 | 8.8425E-05 | —1.5431E—08 | —1.8246E—-11
4| -3.8505E-03 | 1.3168E-04 | —1.2385E—-07 | 8.1162E—-11
5] —5.5274E—02 | 1.2443E-03 | —1.9310E-06 | 1.3762E-09
6| —3.0706E—03 | 1.3215E—04 | —1.4000E-07 [ 1.0324E—10
10 | —1.8772E—03 | 1.1087E—04 | —6.9710E—08 | 2.7900E—11
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Appendix C written in FORTRAN Version 5 language for the
CDC® CYBER 180 series digital computer system,

C model 860, with Network Operating System. The
omputer Program . )
program requires approximately 134000 octal loca-
This appendix presents a computer program, tions of core language and a typical case requires
FIRACON, which has been developed to solve the approximately 200 central processing unit seconds.
finite-rate condensation problem with the solution Program input requirements and operating instruc-
technique of the present paper. The program is tions are summarized in the program.
i PROGRAM FIRACON(INPUT sOUTPUT»TAPES=INPUT,TAPLE=OUTPUT,
F 1 SAYDAT,TAPE7=SAVDAT,RDIST,TAPE33=RDIST)
3 C#’ﬁ"##ﬁ#.##*‘#‘#"“#t.‘*t‘#“##‘#‘#‘t’#‘tt#.“ti““###‘*#"““*‘tt#‘
4 ¢ *
: 5 c FINITE RATE CONDENSATION *
: [ c *
= 7 C‘#*‘O.'..'##0###‘###.t0*#“‘*###"¢#i*“‘0“‘0.‘.“'*‘#t.#““‘*‘.‘#‘*‘
: 8 ¢
: 9 C PROGRAM FIRACON PROVIDES A NUMERICAL SOLUTION FOR THE
10 C ADIABATIC EXPANSION OF COMBUSTION PRODUCTS WITH NUCLEATION
11 ¢ AND WATER DROPLET GRUWTH. THE NUMERICAL SOLUTION IS
) 12 C DIVIDED INTD THREE SUCCESSIVE PARTS, THE FIRST PART
13 C INCLUDES THE COMPUTATION OF THE STAGNATION CONDITIONS
14 c IN THE CCHBUSTION CHAMBER AND THE DETERMINATION LF THE
* 15 c MASS FLOW RATE. THE SECOND PART INYOLVES THE COMPUTATION
: le c OF TSENTROPIC FLOW FROM THE NOZZLE THROAT TO A PUINT IN
1 17 c THE NDZZLE WHERE NUCLEATION JUST BEGINS. THE THIRD PART
- 16 ¢ DEALS WITH THE COMPUTATIUN OF THE NUCLEATION PROCESS
= 19 C TO DETERMINE THE NUMBER UF DROPLETS FORMED AND THE
- 20 C SUBSEQUENT GRONTH OF THE LIQUID wATER DROPLETS.
21 ¢
22 c COMMON BLDCKS ARE USED EXTENSIVELY TO PASS INFORMATION
- 23 c BETWEEN THE VARIOUS SUBPROGRANS. THE CONTENTS OF THE
= 24 ¢ PRIMPRY COMMUN BLOCKS (PARTICULARLY AS THEY RELATE Tu
- 25 ¢ INPUT CATA AND DPERATING INSTRUCTIONS) ARE DESCRIBED
= 26 ¢ IN THE DATA INPUT AND INITIALIZATIUN SUBKOUTINE, DATAII.
¥ 27 ¢
- 26 c THE USE OF CUMMON BLOCKS IS SUMMARIZED IN THE FOLLOWING
= 29 c TABLE:
= 30 C
B 31 < COMMON BLOCK
- 32 C ABCDEFGHI JKLMNDOPOQGRSTUVMNWIXY
: 33 C  SUBPROGRAM
34 c FIRACON X X
35 C AVSX X X
36 c cee X X X
37 c CDEN X X X
38 ¢ CECOMP X X X X X X X
39 C CEDATA X
40 c CHG X X X

20
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20

[ X
DATALI
DBLIT X
ELEMBAL
EXPP
FITLAM
FITHU
FTEMP X
GRL
GRLPRP
GRS
KPJ
MIXLAM
MIXMU
NUCRAT
PART1
PARTZ
PART3
PLTOUT
PRTOUT X
SATTEM X
XVSA X

>
>
x x>

) K X x
o X
>

X X

WHERE THE COLUMN HEADINGS REFER TO THE FULLOWING

COMMON BLOCKS?®

A)  JADJUST/ H) /C
B) /ARECOM/ I} /
C) /CMOUTL/ Ji /E
DY /TMOUTZ2/ K)

E)  /CMOUT3/ Ly /6
F) /COEFCL/ M)

G) JCONST/

COMMON/SWITCH/ SWEND »SWPQO,
INTEGER SWENDySWPOsSWGO
COMMON DUMMY(100UZ)

CALL PSEUDO

CALL LEROY

CALL CALPLT({44551.59=3}
CONTINUE

CALL DATAILIL
LFI{SWEND«EQ.1l) GO TO 20
CALL PART1

CALL PARTZ2

CALL PART3
IF{SWGD.EQ.1) CALL PLTOUT
G0 T0 10 )
CONTINUE

CALL CALPLT(0.90.4999])
sTOP

END

x 2 X

ONSTS/
EQCOM/
XPDAT/
/FEED/
AMDUT/
TINPT/

SWGU

* 2 2
M X X

N)
a)
Pl
Q)
R)
s)

2 > MK X
>

FKIK2ETC/
/0UT L/
/0UT/

/PLTBLK/
/PLTOUT/
/RESLTS/

o X X X > X

> >

n
Ul
vl
W)
X1
Y}

x >
> x x X
> >
> ¢

/51.COM/
/51GMAS/
/5vxe/
/SWITCH/
/TANDP/
/7
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SUBROUTINE AVSX{XsA)

SUBROUTINE AYSX CALCULATES THE NOZZLE AREA AS A
FUNCTION OF X POSITION,

ACOEF CONTAINS THE SPLINE COEFFICIENTS DETERMINED
BY THE LIBRARY ROUTINE CsSDS

COMMON/ARECOM/NA XA 9ACDEF
CONMON/CONST/TCoK9sCAPRyM1oW(L0) yRHOLyRBARyPIyALPHAC
REAL KoMl

DIMENSION ACOEF(10+4)

DIMENSION XA(10)

NPD = NA-1

XXI = X

DD 10 IJ=1,NPD

IF(XATTJ) LELXXTJAND e XXIoLE.XA(LJ*L)) GO TO 20
10 CONTINUE

14 = NPD
20 H = XXI - XA(IJ)

RBARX = ((ACDEF(IJy4)*H + ACUEF(IJ93))%H

1 + ACOEF{IJy2))*H + ACOEF(1Js1)

A = PI*RBARX*%2

RETURN

END

SUBROQUTINE CCP(T4CPsCPLsCPC)

SUBROUTINE CCP CALCULATES THE SPECIFIC HEAT CAPACITY FOR WATER
YAPOR AND THE CARRIER GAS

COMMON/CONST/TCsKsCAPRyML+W{10) s KHOLyRBARyP Iy ALPHAC
REAL KyM1

COMMON/COEFCO/COEF(109B42)
COMMON/SIGCOM/SIGMA{L10)}+SIGsPSUPO

VAL = 0.
J =1
IF(T.LT.1000.) GO TO 10
J = 2
10 CONTINUE

EQUATION (36)

D0 20 I=1,10
VAL = VAL + SIGMA(I)®{COEF(Iy1yJ)/T + COEF(I,24J)
1 ¢ COEF{Is39J)%T + COEF(Is4sJ)*T#%2 ¢ COEF(195,J)%T%*3
2 ¢+ COEF(I164J)0T4%4)
IF{I+EQs1l) CP1 = VAL
20 CONTINUE
CPC = VAL - (CP1

EQUATION (38}

CPL = (CPL/SIGRA(L))#*4,184/4i1)
CPC = {CPC/(SIG ~ SIGMA(L)))%4,184

EQUATION (2#)

WC = 0,

DO 30 I=2410

WC = WC + SIGMACII*W(I)
30 CONTINUE

NC = WC/(SIG - SIGHA(L)Y)

EQUATION (40)

CPC = CPC/NWC
CP = 4,184%VAL
RETURN

END
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SUBROUTINE COEN{RHO95+T)

SUBROUTINE CDEN CALCULATES THE MASS DENSITY OF
THE GASEOQUS MIXTURE BY INVERTING EQUATION (44)

CUHHONICONST/TC.K'CAPRvHI-H(lO):RHDL;RBAR;PI.ALPHAC
REAL KoMl

COMMON/CDEFCO/COEF{109842)
COMMON/SIGCOM/SIGMA(L10)+»SIGyPSUPO

VAL = O, ,

RP = CAPR/4.1B4

=1

IF(T.LT.1000.) GO 7O 10
J =2

CONT INUE

EQUATION (46)

DO 20 I=1,10

VAL = VAL + SIGMALI)®(=COEF(Is1yJ)/T ¢ (COEF(I424J) - RPI*ALUGIT)
1 + COEF{I143sJ)%T ¢ COEF{lybys)*T2%2/2, + COEFUIs50J)%T*%3/3,

2 + COEF(I469J)%T#%4/4, + COEFLI+8,J1))

20 CONTINUE

30

VAL = &4.1B4%VAL
EQUATION (45)

VAL = § - VAL

VAL = VAL + CAPR*SIG*ALOGI(CAPR/PSUPO)

DO 30 I=1,1i0

IF(SIGHA(T).EQ.0.) GO TO 30

VAL = VAL + CAPR#SIGMA{I1)*ALOG(SIGMA(I))
CONTINUE

VAL = =VAL/((APR*SIG)

RHO = EXPPUVAL)

RETURN

END
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SUBRQUTINE CECOMP

SUBROUTINE CECOMP CALCULATES THE CHEMICAL EQUILIBRIUM
COMPOSITION OF COMBUSTION PRODULTS

DIMENSION KP{6}4BB(6y6)

REAL KPyK19K2sK39K49yK5,Kb

REAL KPJ
COMMON/KLK2ETC/KL9K23K33K49K59Kb
COMMON/SIGMAS/SHySO9SNs5C
COMMON/CONSTS/FACTURYEPS
COMMON/RESLTS/S{11)

COMMON/ INPT/TO9sPO9XLASTyPHILyRHC4RNO
COMMON/TANDP/TXX 9P XX
COMMON/SIGCOM/SIGMA(10)4SIGsPSUPO

EQUILIBRIUN CONSTANT COEFFICIENTS, BN, J)
(N®1y29e0e1b)oli=ly2900a96) ooe TABLE B2

DATA BB/5.,0943976E+35~-5.983356141.6503132E-3,

1 —4,4592415E~7+4.8903658E-11+18,4281563E=16,6,8040026E+4,
=2.0203827E+19~2.0460652E=3y148361L66TE-69~6,3994532E-10,
8.33954B3E-14y-5,2250958E+4,1.0434537E+193.0703042E-3,
=1+4064069E~69347529859E-104-4.2524815E~14,

=597 70152E+431,2660142E+193.2644200E=34~1.7662154E-6
5¢1002835E~109-5,9559096E-149y~9,4057111€+3,

3489943699 3,0679650E~5+-244032069E=791.0159289E~10,
=143558463E~149~2,10520085E+4+8.06629408E-192.6455B821E~3,
=le577TI98E~694.6632962E~109=5.4654014E-14/

DATA PSUPO/1.01325E+5/

DATA FACTOR/0.5/

DATA EPS/1.E-8/

oW W e

EQUATION (35)

D0 10 J=1y6

KP{J) = KPJ(BB{1lsJ)yTXX)
CONTINUE

K1 = 1,/KP(1)

K2 = {PXX/PSUPO)*KP(2)
K2 = 1./K2

K& = KPU3)/(PXX/PSUPO)
K5 = KP{4)/(PXX/PSUPO)
K3 = KP(5)

K6 = KP{so)

RCO = PHI1/(2.0 + 0.5%RHC]}
SC = 100040/(RHC + 12.0 + {14.0%RND + 16,0)/RCO)
SH = RHC*SC

S0 = SC/RCO

SN = RNO*S50

CALL ELEMBAL

D0 20 I=1,10

SIGMA(I) = S(I)

CONTINUE

SIG = S(11)

RETURN

END
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BLOCK DATA CEDATA

HEAT CAPACITY COEFFICIENTS A(N3K) (N=ly2yses16}
AND CONSTANTS OF INTEGRATION FOR ENTHALPY A{7.K)
AND ENTROPY Al8sK) s+ TABLE Bl

THESE COEFFICIENTS CORRESPOND TO THE SPECIES
H2D0y CO2y COs D2y H2s» N2y Hy Oy OHs AND NO

IN THAT ORDER.

COMMON/COEFCO/COEF(10s8y2)

DATA ((COEF{IsJel)yI=1410)yJ=1,8)
764,1000119104,75008+=1.6049999E42,4%.400013,
~426499=151454998,0,+106,200019165.,30001+-9.1051247,
7¢591514553.3757382,9.,0628437,6.9432404,9,8353258,
8.8407937,4.96895.014416296.1838936,8,.4921514,
=B ,4182903E-452,3892444E-29-9.9107277TE=39=3,5960249E-3»
~74229411E~39-842936122E=390. 9=84542B8273E-492,6037478E-3»
~9,7741398E=3,6,68T74984E=b9~2+6877TE=551.9794288E-5,1.5160255E~5
B.4B00107E~691e5277956E=5+0091+74321E~69=5.4782064E-6
2+3208705E-59=5,1958027E=99 1. 71B0074E-B+~1.4957458E~8,
=1.5427738E~-8,
~4,4527963E=9 ¢~1.0381117E~B850¢ y=1+4656169E-9+5,8828683E-9,
~1.3844914E-08,
1.5576918E-129=4+6955142E-12+14.1025637E~12+5,2051277E-12,
140128202E-129245224354E-1290494+5512793E-134-2.02506414E=12,
6.0505371E-129-60435+859-96512039=27911829=2297492+~244.8069
=1519428950621 94957478 ,9296454033919365.,80,
2:0641926412299-2+7032910413479-244+%46,
~3422929~C+9140510.4430,48.621393.9782/

DATA ((COEF(IyJd92)yI=1510)yJ=1,48])

DN WEANH DO R >N

1 /73491.99314-2226.B8402+y~3.5834144E42,-1539.2227,
2 1482402605522 464184,0,981.,22662691940,43394-3,7802350E+2y
3 —4.641B407913.73965696¢3177058+10.7380349246716453
4 3.,501821594.96854.871585840,58866853+46.6207915,
5 1,6881822E=25245539892E~353.26443E-03,-1.3869361E-3,
6 3.8997751E=3+6.3925364E=390497.4913043E-5,7,1472198BE=3,
+ 3.2944365E~-3,
7 =743953048E-64~1,4250656E=by~1.6662247E-695.8115599E-7,
8 =94042312E~79=3.4020227E-610+9=3.650067E~B+=2,902000E-6)
+ =1.,8739611E-6,
9 1.6850683E-943,7628479E-1094.1344159E~104-5.,5807018E~11,
¢ 6.5437004E-1148.9312396E~10904.97.9581929€-12+6.1053683E=-10»
1 5.1520591E~10y
2 ~1.5B83412E-13,~3.8779045E~144-4.,0386589E~144-3.2845032E-15,
3 4,6390234E-15y~9,3023097E=14+04+9=-1,0418673E~169~5.,2710918E~14,
§ =5,5462447E=149~77426,119-85315,28+-26248425+5834.96,-9632,01,
5 =4240,34,50621.94957645.589-2419.61,21743,30,
6 774501 9=34,750949.46989y~16.4089,19,2568,
7 25¢87499-0:9140510.9880944,4795,10.7487/
END

ORIGINAL PAGE 15
OF POOR QUALITY
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SUBROUTINE CHG(TyHGsHGL)

SUBROUTINE CHG CALCULATES THE SPECIFIC ENTHALPY
OF THE GASEOUS MIXTURE AND OF WATER VAPODR

COMMON/COEFCO/COEF(10+842)
COMMON/CONST/TCyKoCAPRyM1oW{10),RHOL yRBARyP Iy ALPHAC
REAL KoMl

COMMON/SIGCOM/SIGMA(L10)»STGyPSUPO

YAL = O,

J =1

IF(T.LT7.,1000.) GO TD 10
J =2

10 CONTINUE

EQUATION (42)

D0 20 I=1,10

VAL = VAL + SIGMA(I)*(COEF(Is14J)*ALOGIT) + COEF(I929J)*T

1 + COEF{1+300)%T#82/2, + COEF(I,49J)%TH%3/3,
2 ¢+ COEF{ls59J)#TH%a/4, + COEF(l+6,J1%T#45/5, + COEF(1+7+J))
IF({I.EQel) HGL = VAL/SIGMA(1])

20 CONTINUE

HG = 4,184%VAL
EQUATION (43)

HGL = HGLl*4,.1B4/Wll}
RETURN
END

SUBROUTINE CS(SsRHOyT)

SUBROUTINE C35 CALCULATES THE SPECIFIC ENTROPY
OF THE GASEOUS MIXTURE

COMMON/CONST/TCoK »CAPRsMLsW{10) s RHOLsRBARPI)ALPHAC
REAL KyM1

COMMON/CQEFCO/COEF(1048,42)
COMMON/SIGCOM/SIGMA{LO)+SIGsPSUPO

VAL = O,

RP = CAPR/4,184%

J =1

IF(T.LT.1000.) GO TO 10
Jg =2

10 CONTINUE

EQUATION (44)

D0 20 I=1,10

VAL = VAL ¢ SIGHNA(II®(~COEF(I+1sJd)/T + (COEF(Is29J) = RPIFALOG(T)
1 ¢ COEF{I1+3+J)8T ¢ COEF(ls4yJ)3T#%2/2, + COEF(1s59J)0Te23/3,
2 ¢ COEF(I+692J)%T*%4/4, + COEFI{I+84J))

20 CONTINUE

30

VAL = 4,184%VAL

YAL = VAL = CAPR*SIG*ALOGIRHO) ~ CAPR*SIG*ALOG(CAPR/PSUPO)
DO 30 I=1,10

IF(SIGMA(I}.EQ.0.) GO TO 30

VAL = VAL = CAPR*SIGMA(I)*ALOG(SIGMA{TI)})

CONTINVE

5 = VAL

RETURN

END
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SUBROUTINE

DATAILL

SUBROUTINE DATAII HANDLES THE DATA INPUT AND
INITIALIZATION. THE SUBROUTINE CSOS IS A PART OF THE
MATHEMATICAL LIBRARY AT LANGLEY. FOR MORE INFORMATION
SEE "MATHEMATICAL AND STATISTICAL SOFTWARE AT LANGLEY™,
CENTRAL SCIENTIFIC COMPUTING COMPLEX DOCUMENT N2-3C.

DIMENSTION ACOEF{10,4)sDY(L0) sXA (10} sRNA{10),DELSTRI1O)
DIMENSION Y(10)
DIMENSION WK(79)

"EXPDAT™ VARIABLES

NEXP

XEXP

PEXP

PREF

- NUMBER OF EXPERIMENTAL DATA POINTS TO BE
DISPLAYED ON PRESSURE PLOT. IF NEXP IS
ZEROy NO EXPERIMENTAL DATA IS PLOTTED.
IF NEXP IS NOT ZERO, THE EXPERIMENTAL
DATA IS INCLUDED ON PLOT TYPE 1.

- X POSITIONS FOR WHICH EXPERIMENTAL DATA
IS TO BE DISPLAYED ON PRESSURE PLOT

~ EXPERIMENTAL VALUES OF PRESSURE TO BE
DISPLAYED ON PRESSURE PLOT

- REFERENCE PRESSURE = I<Ess THE VALUE PEXP/PREF
IS DRAWN ON THE PRESSURE PLOT

COMMON/EXPDAT/NEXPyXEXPL50) sPEXP (50} +PREF

"SWITCHY VARIABLES

SWEND

SWPD
0
1
SWGD
0
1

- END OF DATA SWITCH
DATA ENCOUNTEREDs PROCESS IT
END OF DATA ENCOUNTERED, STUP

PRINTED OUTPUT SWITCH
DO NOT PRINT OQUTPUT
PRINT OUTPUT (DEFAULT)
GRAPHIC OUTPUT SWITCH
DO NOT PLOT QUTPUT
PLOT QUTPUT (DEFAULT)

COMMON/SHITCH/SWEND »SWPD s SWGO
INTEGER SWEND»SWPO»5SWGO

"ARECOM" VARIABLES

NA
XA

ACOEF

- NUMBER OF X POSITIONS DEFINING NO2ZLE GEOMETRY
— NOZILE X COOROINATES

- SPLINE COEFFICIENTS DEFINING AREA V5 X

COMMON/ARECOM/NA XA 9ACOEF

"FEED"

HFUEL

TFEED

NATOM

VARTABLES

- ENTHALPY OF THE FUEL AT THE FEED
TEMPERATUREy CAL/MOL

- TEMPERATURE OF THE FEEDy K

- NUMBER OF ATONS OF CARBON IN A MOLECULE

OF FUEL

COMMON/FEED/HFUELy TFEED NATON

"PLTBLK™ VARIABLES

PLTBLK

CONTAINS THE MINIMUM AND MAXIMUM YALUES

FOR ALL PLOT OUTPUT. IF ANY PARAMETERS ARE NOT
SPECIFIED, THE CORRESPONDING PLOT IS SCALED
AUTOMATICALLY

XMIN

27
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83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
10%
110
111
112
113
114
115
l1l6
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
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XMAX

PHIN
PMAX

TMIN
THAX

YMIN
YMAX

DTMIN
DTMAX

DNHIN
DNMAX

RMIN
RMAX

PRMIN
PRMAX

TLMIN
TUMAX

RHOMIN
RHOMAX

SMIN
SMAX

UMIN
UMAX

XMMIN
XMMAX

IPSLCT

wn

-~ o

10
11
12
13
l4
15

DISTANCE ALONG THE NOZILE

NORMALIZED PRESSURE

NORMALIZED TEMPERATURE

MASS FRACTION DF LIQUID WATER

TEMPERATURE DIFFERENCE

NUCLEATION RATE

DROPLET RADIUS

PRESSURE RATIO

TEMPERATURE OF LIQUID

DENSITY

ENTROPY

FLOW VELOCITY

MACH NUMBER
PLOT SELECTION INDICATOR. IF THE VALUE IS
ZERQ FOR A GIVEN INDEXy THE PLOT IS NOT

GENERATED., IF THE VALUE IS5 ONE FDR A GIVEN
INDEXs THE PLOT IS5 GENEKATED. THE INDICES

FOR ALLQOWED PLOTS ARE A5 FOLLOWS:S
NORMALIZED PRESSURE

PRESSURE RATIUC

NORMALIZED TEMPERATURE

MASS FRACTION

TERPERATURE DIFFERENCE

NUCLEATION RATE

CRITICAL RADIUS

DROPLET RADIUS (AND R*}
TEMPERATURE OF LIQUID

DENSITY

ENTROPY PRODUCT ION

FLOW VELOCITY

HACH NUMBER

COMBINATION OF INDICES 1y 39 AND 12

COMBINATION OF INDICES 49 5y AND 6

COMMON/PLTBLK/XMINoXNAX PMIN,PMAX»THMIN» TMAX »
1 YMINs YMAX)DTMINoDTMAX s DNMIN»ONMAX RN IN ¢ RMAXy
2 PRMINGPRMAX TLHINy TLMAXyRHOMIN + RHOMAX
3 SMINySMAX UMINsUMAX, XMMIN,XMMAXsIPSLCTLLS)

"CONST™ VARIABLES

TC
K

CRITICAL TEMPERATURE OF WATER, K

BOLTZMANN CONSTANT, J/MOLECULE-K



167 c

168 C CAPR ~ UNIVERSAL GAS CONSTANT, J/MDL-K

169 C

170 C Ml = MOLECULAR MASS OF WATER, KG/MOLECULE

171 c

172 C L] - MOLECULAR WEIGHT TABLEs» KG/MOL

173 C

174 C RHOL = DENSITY OF WATERy KG/M®*%3

175 [

176 c RBAR - SPECIFIC GAS CONSTANT FOR WATERy R/nly J/KG-K
177 c

178 C Pl ~ AREA UF UNIT CIRCLE

179 C

180 [ ALPHAC - THERMAL ACCOMMDOATION CUEFFICIENT FOR CARRIER
181 C GAS INTERACTION WITH WATER DROPLETS

182 C

183 COMMON/CONST/TCsKyCAPRyM19W(10) +RHOL yRBARyPIyALPHAC

184 REAL KyM1

185 C

186 c "ADJUST™ VARIABLES

187 C

188 C

189 c GAMMALl = RATIO OF SPECIFIC HEATS

190 [

191 c Qc - CONDENSATION COEFFICIENT

192 c

193 C ALPHA = CONSTANT IN EQUATION (78}

194 [

195 [ BETA - LANGMUIR PARAMETER

196 C )

197 c OSTAR =~ DIAMETER OF NOZZLE THROAT, M¥%3

198 [

199 C ASTAR = AREA OF NOZZILE THROAT, M#**3

200 c

201 c DT2 - TEMPERATURE STEP FOR PART 2y K

202 C

203 c JMIN - BEGINNING NUCLEATION RATE FOR PART 3,

204 C DROPLETS FORMED/M#¢3-5

205 C

206 [ DELX - STEP WIDTH FOR PART 3 CALCULATIONS, M

207 c

208 c EPS ~ CONVERGENCE ARRAY

209 C 1 - NEWTON ITERATION TO SOLVE EQUATION (57)

210 C 2 - NEWTON ITERATION TO SOLVE EQUATION (111}

211 C 3 - PRESSURE CONVERGENCE IN PART 1

212 C & = MASS FLUX CONVERGENCE IN PART 1

213 c 5 = PRESSURE CONYERGENCE IN PART 2

214 C 6 = NEWTON ITERATION FOR T(J=1) IN PART 3

215 c 7 - TEMPERATURE CONVERGENCE, EQUATION (133), IN PART 3
216 [ 8 ~ NEWTON ITERATION FOR X AS A FUNCTION QF A
217 C

218 C I0UT - DUTPUT LEVEL

219 c 0 = STANDARD SUMMARY OQUTPUT

220 C 1 - EXTENDED OQUuTPUT

221 C 2 - DEBUG OUTPUT

222 C

223 c DT1 - TEMPERATURE STEP FOR PART 1, K

224 C

225 = CVRAT =~ CONVERGENCE RATIO FOR DELS/CV, EQUATION (126)
226 C

227 C ARAT = CONVERGENCE RATIO FOR A'/Ay EQUATION (131)
228 C

229 C JSTOP ~ MAXIMUM NUMBER OF BANDS IN PART 3

230 [ DIMENSION STATEMENTS LIMIT THIS VALUE TO 400. ANY
231 C SMALLER NUMBER wILL PROVIDE A MEANS TO STOP THE
232 C CALCULATIONS SHORT OF THE END OF THE NOZZILE.
233 C

234 C JbB = DEBUG PRINT CONTROL FOR PART 3

235 C IF THIS YALUE IS DEFINED, "EXTENSIVE' PRINTOUT
236 C IS PROYIDED FOR DEBUGGING BOTH BEFORE AND AFTER
237 c THE DBLIT ROUTINE FOR ALL BAND NUMBERS GREATER
238 C THAN OR EQUAL TO JDB

239 [

240 C Ccp = SPECIFIC HEAT CAPACITY OF MIXTUREy J/KG-K

241 C

242 C CP1l = SPECIFIC HEAT CAPACITY UF WATERy J/KG-K

243 C

244 COMMON/ADJUST/GAMMAL,QCy»ALPHAYBETAIDSTARASTARDT2,

245 1 JMINSDELXyEPS(8)sI0UTsDTLsCVRAT)ARAT+JSTOP»JDBsCP,HCPL
246 REAL JMIN

247 c

248 C "INPT™ VARIABLES

249 C

250 c
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251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334

30
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T0 ~ INITIAL TEMPERATUREy K
PO = INITIAL PRESSUREy N/M#$2
XLAST = FINAL Xy M (USED TO TERMINATE CALCULATIONS)

PHI1 = EQUIVALENCE RATIO
RHC = ELEMENTAL RATIO OF HYDROGEN TO CARBON
IN MIXTURE

RfNO = ELEMENTAL RATIO OF NITROGEN TO OXYGEN
IN MIXTURE

COMMON/INPT/TOsPOsXLAST o PHI1 9 RHCyRND

NAMELIST PARAMETERS

DESCRIPTIONS OF MOST NAMELIST PARAMETERS CAN BE
FOUND ELSEWHERE IN THIS SUBROUTINE. THE FOLLOWING
PARAMETERS ARE LOCAL TO THIS ROUTINE.

IPLTRD = INTEGER FLAG TO INDICATE IF AUTO-SCAL ING
IS TO BE USED ON THE PLOTS.
0 ~ USE AUTO-SCALING
1 - DO NOT USE AUTO=-SCALING. THE NAMELIST
"PLTOVR™ MUST BE INCLUDED IN THE INPUT DATA,

RWA ~ WALL COORDINATES FOR DEFINING TUNNEL GEOMETRY

DELSTR - BOUNDARY LAYER DISPLACEMENT THICKNESSES FOR
DEFINING TUNNEL GEOMETRY

NAMELIST/DATAIN/TOsPOWXLASToSWPD»SWGOsQCsALPHABETAY

1 DSTARsCYRATsARATsOT1+IOUTsDT29 JMINyDELXWEPSy

2 JSTOP4JDOByPHILyRHCyRNUy IPLTRD yNA9XAyRWA,DELSTRyALPHAC
3 NEXPyXEXPyPEXP yPREF»IPSLCTyHFUEL » TFEEDy NATOM
NAMELIST/PLTOVR/XMINsXMAX 9PH INyPMAX y TMIN TMAX,

1 YMINyYMAX9DTMINyDTMAX yDNMIN,DNMAX s RMINyRMAX,

2 PRMINJPRMAXTLMIN, TUMAXyRHOMINRHOMAX

3 SMIN9SMAXpUMINSUMAX g XMMIN,XMMAX

SET CONSTANTS

DATA TCoKyCAPRIMLoWoRHDOL/647026691¢381E~2398431492.99E-20y
1 0.01890.044,0.,028404032+0.00290,028,0.001904016,40,017,

1 0.03051.E3/

DATA DY/10%1./

SET DEFAULTS FOR ADJUSTABLE CONSTANTS

DATA ALPHAC/1l./

OATA T0/0.7

DATA HFUELsTFEEDyNATOM/-17895.9298.1591/

DATA IPSLCT/15%0/

DATA NEXP/Q/

DATA XEXP/924¢91160914009169¢91B849212¢9224492364924849
1 2600927249284 0930849320.9332493444935649392494284
2 464.9500.9536496164927%0./

DATA QCyALPHAYBETAyDSTAR/1.0,9.0,

1 2.,040.011284/

DATA SWEND/O/

DATA IPLTRD/O/

DATA XMINgXMAXsPMINoPMAXy THINsTHAX ) YMINy YMAX,
1 DTMIN,DTMAXsDNMINsDNMAX»RMINyRMAX/14%0./
DATA PRMINSPRMAXyTLMINy TLMAXyRHOMIN,RHOMAX
1 UMINyUMAXySMINsSMAX9XHKMIN, XHMAX/12¢0,./

DATA CVRAT/1.E-3/

DATA ARAT/1.E=-3/

DATA EPS/8¢1.,E-6/

DATA PHI1/0.8/

DATA RHC/4./

DATA RNO/3.7019/

DATA TO0UT/L/

DATA DT1/1.0/

DATA DT2/0.2/

DATA NPASS/0/

DATA SwPOySWGO/141/

DATA JSTOP/100/

DATA J0B/1000/

1 FORMAT(1H1,20X,22HCONDENSATION EVDLUTION//)




335
336
337
338
339
340
341
342
343
344
345-
3406
347
348
349
350
351
352
353
354
355
3%
357
LY
359
360
36l
362
363
364

[N 2]

10

20
30
40

50

60

SET COMPUTED CONSTANTS

RBAR = CAPR/W(1)

P1 = ACOS(-1.)
READ{54DATAINsEND=10)
IF(EOF({5).NE.0) GO TO 30
WRITE(33) TO,PO
1F(IPLTRD.NE.O) READ(5,PLTOVRyEND=20)
IF(EQOF(5).EQ.0) GO TO 40

SWEND = 1

CONTINUE

IF{TOLNE.O.) GO TO 50

T0 = 1500.

CALL FTEMP(TFLAME)

NTENS = (TFLAME - 95.}/10.

TO = 10.#FLOAT{NTENS)

CONTINUE

IF(NPASS.EQ.0) WRITE(641)
IFINPASS<EQe0) WRITE(69DATAIN]
NPASS e NPASS + 1

IERR = O

NPH = 10

5 = 0.0001

IPT = =1

DO 60 I=14NA

Y{I) = RWA(I) - DELSTRI(I)
CONTINUE

CALL CSDSUNPMsNAyXAsYsDYsSsIPTSACOEF WKy IERR)
RETURN

END
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1 SUBROUTINE DBLIT
2 c
3 c SUBROUTINE DBLIT DETERMINES THE TEMPERATURE FOR WHICH
4 c TWO INDEPENDENT CALCULATIONS OF ENTROPY ARE EQUAL AND
5 c THE DENSITY FOR WHICH THE MASS FLOW AND CROSS
6 c SECTIONAL AREA ARE CONSISTENT
7 c
8 COMMON/SIGCOM/SIGMALLO) 9 SIGyPSUPO
9 CONMON ©9J4A(400) yX (400) yDELN{400) yCAPJIX(400) yR(400)
10 1 MUT400),TL(400) sT(400) 4P (400) yRSTAR(400) s
: 11 2 UL400) y5{400) ySL1400) yHL(400) yRHO{400) yCAP JY (4001 »
i 12 3 F(400),G(400),Y5(400),DELY(400)yDELS{400),
i 13 4 RPERM(400) +T5(400) sOUTMCHI400) 4CAPP J{400)
: 14 REAL MU
: 15 COMMON/CONST/TCyKyCAPR M1 9w (10) yRHOL sRBAR o P I ¢ALPHAC
: 16 REAL KoMl
: 17 COMMON/ADJUST/GAMMAL yQCy ALPHA sBETA»DSTARSASTAR DT 2
: 16 1 JMINsDELXsEPSUB) s 10UTsDTLsCVRATARATy JSTOP »JDB9CPsCPL
: 19 REAL JMIN
i 20 COMMON/DUTL/50,H0+MDOTRHOSTRy TSTAR
i 21 REAL MDOT
: 22 ¢
- 23 SGPP = (S{Je¢l) ~ SLUJ+1)})/(1e = YS(Jel))
: 24 10 CONTINUE
. 25 c
- 26 c EQUATION (44)
- 27 c
. 28 CALL CS{SGPyRHDIJ+1),T{J+1]]}
: 29 CALL CCP(T(Je1),CPyCPLoDUN}
z 30 c
z 3l c EQUATION (126}
z 32 c
= 33 USOCY = {SGPP = SGPI/(CP = CAPR*SIG)
- 34 IF(ABS(DSOCY) .LT.CYRAT) 6O TO 20
35 c
- 36 c ADJUST T, EQUATION (127}y AND GO BACK
37 c
- 8 TCJ+1) = T{J+1)*EXPP(DSOCV)
- 39 60 TO 10
- 40 c
= 41 c TEMPERATURE ITERATION HAS CONVERGED
— 42 C
- 43 20 CONTINUE
- 4 CALL CHGIT{J+1) sHGP s DUN)
= 45 c
= 46 c CALCULATE SPECIFIC ENTHALPY USING EQUATION (128}
= 47 c
= 48 HP = (1. = YS(J*1})#HGP ¢ HLIJ41])
= 49 c
- 50 c CALCULATE FLOW VELOCITY USING EQUATION {129}
51 ¢
- 52 ULJ*1} = SQRT(2.%(HO = HPJ]
= 53 c
= 54 c CALCULATE CORRESPONDING AREA USING EQUATION (130)
- 55 c
= 56 AP = MDOT*(1., = YSC{J+1))/(RHGIJ+1ISU(Je1))
57 APRAT = ABS(AP — AtJel))/A(Je1)
= 58 IF(APRAT.LT.ARAT) GO TO 30
= 59 ¢
= 60 C ADJUST RHOs EQUATION (132), AND G0 BACK
61 c
= 62 RHOUJ+1) = MDOTH(1. = YS{Js1))/1ALJ+LI#ULI+1))
N 63 60 TO 10
= 64 c
= 65 c OENSITY ITERATION HAS CONVERGED
- 66 c B
= 67 30 CONTINUE
— 68 ¢
= 69 c CALCULATE PRESSURE USING EQUATION (47)
- 70 c
= 71 PUJ*1) = RHO(J*L)*CAPR*SIGATIJ+1)
N 72 CALL SATTEN(TS{J¢l)sPlJel}}
= 73 RETURN
= 74 END

= 32
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SUBROUTINE ELEMBAL

REAL K1sK29K39K4yK54K6
COMMON/RESLTS/S(11])
COMMON/SIGMAS/SHySO9SNySC
COMMON/CONSTS/FACTORLEPS

COMMON/ KLKZETC/K19K29K3I s K4 4K54Kb
FORMAT(' #¢% ELEMBAL EXCEEDS 50 ITERATIONS ¢3*%)
S(2)=SC*FACTOR

5(1)=S5H/2.,0
S(4)=(50-5C~-511)=5(2))/2.0
5(6)=5N/2.0
S(11)=(SH+SO+SN+5C=5(1)-5(2))/2.0
NITER=Q

CONTINUE

YCLD=51{2)

10LD = S(4)

NITER=NITER+1

IF(NITER.LT.51) GO TO 20
WRITE(6y1)

STOP

COMPUTE THE REST OF THE YARIABLESeeveosee

CONTINUE

S(3)=5(2)¢SART(K2*5(11)/5(4})

S(5)=5(1)*S5(3}/(5(2)%K1)

S{10) = SQRT(K6*514)%5(6))

5(6) = {SN=5(10))/2.0

S(9)=5SORT(K3I*5(4)*5(5})

S{7)=SQRT(KA*S(5)*5(11))

S{B)=SQRT(K5+5(4)e5(11)}
S{1)=(SH-2,0%5(5}=5(7)~5(9)1/2.0

S(2)=5C~5(3)
S(4)=(504)+(50-5C-5(1}-5(2)~5(8)=-5(9)-5(10))/2.,0} /2.0
SELLI=S(1)+S5(2)+5(3)4504)+5(5)+5(6)+5{7)+5(8)+5(9)+5(10)

CHECK FOR CONVERGENCE.seasss

DY=YOLD=~5(2)

DI = Z0LD - 5(4)

IF(NITER ,EQ. 1) GO TO 10

IF (ABS(DY/S(2)) .LE. EPS) GO TO 30
60 70 10

CONT INUVE

IF(ABSIDZ)/S(4).LE.EPS) GO TO 40
G0 TO 10

CONTINUE
S(3)e5(2)#SQRT(K2*5(11)/5(4))
S(5)=S(1)*5(3)/(5(2)%K1)

SU10) = SQRT(K6*5(4)%5(6))

S{6) = {SN-5{10)) /2.0
S{9)=5QRTIK3I*5(4)*5(5))
S{7)=5QRTIK4*S{5)*5(11)])
S{8)=5QRT(K5*%S5(4)*5(11))

RETURN

END

CRIGINAL PAGE IS
OF POCR QUALITY

33



1 FUNCTION EXPP(VAL)
2 c
3 ¢ FUNCTION EXPP IS A UTILITY USED TO AVDID THE UNDERFLOW
; ¢ MESSAGE ASSOCIATED WITH VERY SMALL ARGUMENTS
o
6 EXPP = 0.
7 IF(VAL.LT.~670.} GO TO 10
8 EXPP = EXPIVAL)
9 10 CONTINUE
10 RETURN
11 END
: 1 SUBROUTINE FITLAM(LAMBDA,T)
- 2 C
N 3 c SUBROUTINE FITLAM DETERMINES THE THERMAL CONDUCTIVITY
: 4 < OF EACH SPECIES AS A POLYNOMIAL IN TERMS OF TEMPERATURE
5 c
- 6 DIMENSION LAMBDA{10)
B 7 REAL LAMBDA
) 8 DIMENSION COEF{4410)
N 9 C
Z 10 (o COEFFICIENTS IN EXPRESSION FOR THERMAL
- 11 ¢ CONDUCTIVITY E(NysK) +us TABLE 84
12 C
) 13 DATA COEF/~0.2045,1,7566E=35-4,6279E~634.2102E-9,
i 14 1 =144403E-592.5166E-59143405E~7+-1.1069E-10,
- 15 2 5.3712E=44B.B425E=5y-1+5431E-8y=1.8246E-11y
B 16 3 —3.8505E-3+1.3168E=43-1,2385E-7,8,1162E~11,
- 17 4 -5,52T4E=291,2443E-3+-1,9310E=691.3762E=9
i 18 5 -3,0706E=35143215E=-49-1,4900E=741.,0324E-10,
= 19 6 12%0.9=1e8772E~3914.1087E=4+-6,9710E-8,2,7900E-11/
20 o
21 C EQUATION (66)
_ 22 c
: 23 00 20 I=1,10
- 24 LAMBDA(I) = 0,
- 25 DO 10 J=l,s4
= 26 LAMBDA(I) = LAMBDA(I) + COEF(Jyl1)8T*%{=1)
27 10 CONTINUE
- 28 20 CONTINUE
Z 29 RETURN
. 30 END
- 1 SUBROUTINE FITMUIMU,T}
_ 2 (o
i 3 C SUBROUTINE FITHMU DETERMINES THE VISCOUSITY OF EACH
7 4 ¢ SPECIES AS A POLYNOMIAL IN TERMS OF TEMPERATURE
~ 5 C
‘ 6 DIMENSION MU(1G)
7 REAL MU
8 DIMENSION COEF(4,10)
9 C
- 10 ¢ COEFFICIENTS IN EXPRESSION FOR VISCOSITY
‘i 11 ¢ DIN+K) +se TABLE B3
12 C .
13 DATA COEF/-1.537LE=5+1.5429E=79-3.1981E~-10,2,7958E-13,
14 1 =245212E-7+5.5024E-89~1423BLE-114=5.5279E=15,
15 2 =4,9877E=7+7.8689E~8y=6,9794E~11,3,6438E~14,
= 16 3 =5,7709E~748.8852E=8,-7,0382E-1193.4305E~14,
= 17 4 1,6225E~642.9338E-84-1,967BE-11,1.139LE~-14,
18 5 ~64091TE~By746311E~89=6,4962E=-1193,2374E~14,
19 6 12%0.9y=8,4886E=798,5390E=By=7,1595E=1193,5702E~-14/
) 20 C
i 21 ¢ EQUATION (63)
= 22 c
- 23 0O 20 I=1,10
; 24 MULI) = O,
— 25 D0 10 J=ly4
= 26 HULI) = MU{T) + COEF(J 1)3To#(J=1)
27 10 CONTINUE
- 28 20 CONTINUE
- 2y RETURN
30 END
34

1
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SUBROUTINE FTEMP(TFLAME)

SUBROUTINE FTEMP COMPUTES THE FLAME TEMPERATURE OF
HYDRUCARBON COMBUSTION IN AIR WITH DR WITHOUT
OXYGEN ENRICHMENT esvsevse

CONSTANT PRESSURE FORMULATIONssss

REFERENCE TEMPERATURE IS 298.15 KELVIN

COMMON/ INPT/TOsPOsXLAST9PHIL»RHC4RNO
COMMON/TANDP/TXX s PXX
COMMON/RESLTS/5(11)
COMMON/FEED/HFUELy TFEED«+NATOM
COMMON/COEFCU/COEF(10,842)

FORMAT(/ 42Xy '01D NDT CONVERGE IN 20 ITERATIONS®)
FORMAT(/92Xy"ENTHALPY OF THE FEED {(CAL/KGe) = '9Fl2.44)
FORMAT(/92Xy'FLAME TEMPERATURE (KELVIN) = ',F8.2)
FORMAT{ /42X, "DENSITY DF THE MIXTURE(KG/CU.M)=',E12.6)
FORMAT(/ y2Xys "ENTHALPY OF THE MIXTURE (CAL/KG.)= 'y F12.4)
VAL(IsJsT) = [COEF(I,1,J)*ALOGIT) ¢ COEF(1,25J)¢T

1 ¢ COEF(Is3,J)%T%%2/2, + COEF(1y4yJ)*T#*3/3,

2 ¢+ COEF(I195¢J)%T#%4/4, + COEF(Iy0yJ)2TH%5/5, ¢ COEF(I474J))

HFUEL = ENTHALPY OF THE FUEL AT THE FEED TEMPERATURE (CAL/MOL)
TFEED = TEMPERATURE OF THE FEED (KELVIN)

N = NUMBER DOF ATUMS OF CARBON IN A MOLECULE OF FUEL.

TFO » FIRST GUESS OF FLAME TEMPERATUREs KELYIN.

PO = PRESSURE OF THE FEED (BARS)

COMPUTE SIGMA{H)y SIGMA(O) sy SIGMA{N}, ANV SIGMA(C)
IN 1 KG OF THE MIXTURE:ssss

EQUATIUN (38)
50=2500,0/( BoO+7,0%RNO+PHIL#(12.,04RHL)I/ 1 440+RHC) )
EQUATION (9)
SC = 2,0%PHIL*S0/(4.0 + RHC)
EQUATION (11}
SH=RHC*5(
EQUATION (10)
SN=50*RNO

ENTHALPY OF THE FEEDesss
FUEL HAS THE FORMULA CaN HaM
THERE ARE N MOLS OF CARBON IN ONE MOL OF THE FUEL.

HFEED=HFUEL * SC * FLDAT(NATOM)
HFEED=HFEED+VAL (4414 TFEED)#50/2.0+VAL {6y 1y TFEED)*SN/ 2.0

COMPUTE THE EQUILIBRIUM COMPUSITION AT TFO AND POececsss
COMPUTE THE ENTHALPYasessoss

TXX = T0

PXX = PO

CALL CECOMP

TFO = TXX

CALL CHG(TFO,HOyDUMMY)

NOTE: SUBR CHG RETURNS H IN JOULES/KG.

T1=TF0-100.0

DH1=HFEED-HO/ 4,154

DD 10 ITER=1,20

TXX = T1

CaLl CECOMP

CALL CHG{TlyH1,DUMNY)
DH2=HFEED-H1/4,.184
TFLAME={DHZ#*TFO=DH1¢T1)/{DHZ=DHL1}
IFIABS{TFLAME=-T1} .LE. 0.001) GO TO 20
TFO=T1

T1=TFLAME

DH1=DHZ

CONTINUE

WRITE(G6y 1)

STOP
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20 CONTINUE
DENCTY=P0O/8.314/S(11)/TFLANE
WRITE(642) HFEED
WRITE{693) TFLAME
WwRITE(6+4) DENCTY
WRITE{&6s5) HL
RETURN
END

SUBROUTINE GRL(ZZ)

SUBROUTINE GRL CALCULATES THE GROWTH RATE
FOR LARGE DRUPLETS (l.Ess Z > 1l.1)

COMMON/EQCOM/DELTATCAPL yNUsPSI+DROT»

1 TRoLTILDA¢KNy THETA9LAMBDASPRyXI»OREGA»CAPLAN

REAL NUSLTILDA»KNyLAMBDA
COMMON/CONST/TCoKsCAPRyML oW (10) yRHOL o RBARYPI9ALPHAC
REAL K¢M1
COMMON/ADJUST/GAMMAL,QCyALPHAYBETAsDSTARsASTAR,DT2,

1 JMINSDELX9EPS(8)s10UTsDT14CVRATARAT+JSTOP +JDB4CP4CP1
REAL JMIN

COMMON IsJsAL400) 9X(400)sDELN(400)CAPIX(400)4R(400),
1 HUCA00),TL(400),T(400) 9P (400) s RSTAR(400),

2 UL400)95(400) »SL(400) yHL(400) sRHO(400)sCAPJIY(400),

3 F{400)+G{400),Y5(400),DELY{400),DELS{400},
4 RPERM{400)+T5(400)sOUTHCH(400)yCAPPJ(400)

REAL MU

10L0 = 22
RAT = RUIV/RSTAR(J)
CAPDEL = CAPLAM®DELTAT
IPRIME = (THETA®$3/(THETA + l.)})%ALOGIRAT + THETA)
1 + (1o/(THETA + L1.) + OMEGA)$ALOG(RAT ~ 1,)
2 ¢+ (OMEGA + 1., = THETAJ#RAT + O,5%RAT##2 + CAPODEL
10 CONTINUE

EQUATION (112)

FI2 = (THETA®#3/(THETA + 1.))*ALOG(ZIOLD + THETA)
1 ¢ (1./(THETA + 1.} ¢ OMEGA}*ALOG(20LD -~ 1,)
2 + (DMEGA + 1. = THETA)®ZOLD + 0.,5¢20LD*%2 - IPRIME

EQUATION (113)

F2Z2P = THETA*#3/((THETA + 1.)*(20LD + THETA))
1 4+ (1. ¢+ DMEGAS(THETA + 1.)3)/U{THETA + 1.,)#%(20LD - 1.))
2 ¢+ I0OLD + OMEGA + 1, - THETA

EQUATION (114}

INEW = I0LD - Fl2/F12P
IF(ABS{INEW — IDLD)/ZNEW.LT.EPS{2)) GO TO 20
Z0LD = INEW
60 T0 10
20 CONTINUE
21 = INEM
RETURN
END
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SUBROUTINE GRLPRP

SUBROUTINE GRLPRP CALCULATES SEVERAL VARIABLES
PREPARATORY FOR EVALUATION OF THE GROWTH RATE FOR
LARGE DROPLETS

COMMON/SIGCOM/SIGMA(LO) ySIGsPSUPO
DIMENSION WORK{10)
COMMON/EQCOM/DELTAT CAPLyNUSPSI4DRDT,

1 TRoLTILDAyKNy THETASLAMBDAWPRoXI+OMEGA»CAPLANM
REAL NUsLTILDAsKNyLAMBDA
COMMON/INPT/TOsPOsXLAST»PHI1sRHCyRND
COMMON/SWITCH/ SWEND ¢SWPO»SWGO
INTEGER SWENDySWPOsSWGO
COMMON/QUT2 /U2yRHO2+CAPJ22T23P2sRSTAR29X29A2951G2(11),0UNC
COMMON/CMOUT3/NENT
COMMON/CUT1/509HOsMDOT9RHOSTRsTSTAR
REAL MDOT
REAL KN5T
COMMON/ADJUST/GAMMAL4QC+sALPHAWBETADSTARyASTARDT2,

1 JMINSDELXsEPS(B)oIOUT»DT1sCVYRATIARAT ¢ JSTOP+JDBCPyCPL
REAL JMIN
COMMON/CONST/TCsKsCAPR oML W (10) sRHOLyRBARsPIsALPHAC
REAL KoMl
COMMON T9JyA(400) 4X(400)yDELN(400)CAPIX(400)+R(400),

1 MU(400) sTL{400)4T(400)P{400) +RSTAR(400),

2 UL400)95(400) 5L {400) yHLT400) yRHO(400) yCAPJY(400),

3 F{400)+6{400),Y¥5{400) +DELY(400) 4DELS(400)

4 RPERM{400),75(400),0UTMCH{400),CAPPJ(400)

REAL MU
REAL MUV

CALL SATTEM(TSP4P{J))
CALL CHGITUJ)+HGXsHGL)

EQUATION (56)

CAPL = HGL - 4.2E+3#T(J) + 17.11753658E+6

CALL CCP{T(3)+CPyCPL,sCPC)

WAVG = O,

WC = 0,

00 10 IJ=1,10

WAVG = WAVG ¢+ W(IJ)*SIGMA(IJ)

IF(IJoNEs1) WC = WC ¢ WIIJ)*SIGMA(LJ)
10 CONTINUE

WAVG = WAVG/SIG

NC = WC/{51G = SIGMA(1))

WRAT = W({1l)/wWAVG

Y1l = SIGMA(1)/SIG

EQUATION (39)

GAMMAL = CP1/(CP1 - CAPR/W(1})
EQUATION (41)

GAMMAC = CPC/(CPC - CAPR/NC)
EQUATION (74)

FF = Y1#SQRT{WRAT) + (1l¢ = YL)}#SURT(MC/WAVG)I*(GAMMAL/GAMMAC)
1 *((GAMMAC + 1,)/(GAMMAL + 1.))}#(CPC/CPL)I®ALPHAC

EQUATION (78]}
NU = [{(CAPR/W{1))*TSP/CAPL)I®(ALPHA + 0.5 - ({2, - QC)/(2.%4aC))
1 #{(GAMMAL + 1.)/(2.%GAMMAL) ) *((CPL*TSP)/CAPL)
2 *(FF/Y1)/SQRT(WRAT)})
TR = T(JI/TC
CALL FITMU(WORKyT(J))
CALL MIXHMU{MUU,yWORK)
EQUATION (68)

LTILOA = 1,5%MUUSSQRT{CAPR®SIG*T(J))/P(J)
EQUATION (71)

KNST = LTILDA/(2.%RSTAR(J))

EQUATION (75)
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THETA = 2.%BETA®KNST
CALL FITLAM(WORK,T(J)}
CALL MIXLAM{LAMBDA,WORK)

EQUATION (69}
PR = CP1l$MUU/LAMBDA
EQUATION (771}
X1 = SORT(8.¥PI)#(2.%GAMMAL) /(1. 5%(GAMNAL + 1.))
EQUATION (73)
OMEGA = XI*(1. = NUJ*KNST/(PR*FF)
EQUATION (76)

CAPLAM = LAMBDA®(TSP-T(J))/ICAPL#RHOL*RSTARLJ)#42)
RETURN
END

FUNCTION GRS(11)

FUNCTION GRS CALCULATES THE GRUWTH RATE FOR
SMALL DROPLETS {l.Ees Z < 1.1)

COMMON/S IGCOM/SIGMALL0)sSIGyPSUPO
COMMON/EQCOM/DELTAT,CAPLyNUsPSIDRDT
1 TRyLTILDAsKNsTHETAoLAHBDA PRy XI4OMEGA,CAPLAN

REAL NUsLTILDAKNoLAMBDA
COMMON/CONST/TC oK s CAPRyM1yW(10) yRHOLyRBARyP 15 ALPHAC
REAL KyM1
CDHHUN/ADJUST/GAHPAI.QCsALPHA’BETAQDSTARnASYAR,DTZi
1 JHINoDELX.EPS(B),IOUT,DTloCVRAT’ARATyJSTDP,JDB.CPyCPl
REAL JMIN

COMMON TsJsA(400) $X(400) sDELN{400)CAPIX(400)R(400),
1 MUL400)sTLE400) 4 T(400) P (400} sRSTAR(400)
2 UL400) »S(400) 4SLE400) sHL{400) yRHO(400) 4CAPJY (400D,
3 FU4D0) 96400} 4YS(400)4DELY(400),DELS(400),
4 RPERM(400),TS(400) yOUTMCHI{400)sCAPPI(400)

REAL MU

CALL CCP(T(J)sCPyCP1,CPC)

wAYG = O,

wC = 0,

00 10 IJ=1,10

WAVG = WAVG + W{IJ)*SIGMALIJ}

IF{IJoNELL) WC = WC + W{IJ)$SIGMALIJ]

10 CONTINUE

WAYG = WAVYG/SIG

WC = WC/{S1G = SIGMALL))

WRAT = W{1l)/WAVG

Y1 = SIGMA{1)/516

EQUATION (39)

GAMMAL = CP1/{CP1 - CAPR/WI(1))
EQUATION (41)

GAMMAC = CPC/(CPC - CAPR/WC)
EQUATION (74}

FF = Y1#SQRT(WRAT) + (1. ~ Y1)#SORT(WC/WAVG)* (GANMAL/GAMMAC)
1 #((GAMMAC + 1.)/(GAMMAL + 1.))#(CPC/CP1)*ALPHAC

EQUATION (80)

PSI =FF#PUJ)/SQRTI2.$P1*CAPR¥SIGHT(JI)*{(GAMMAL + 1.)1/(2.%GANHAL))
1 *CPL*RSTARIJ)/(CAPL*#RHOL*(1. = NUD)IS{TSLJ) ~ T(J))

PSIBAR = PSIZ(R{II*RSTARLJ))

DROY = (RSTAR(J+1) = RSTAR(J))/DELTAT

EQUATION (79)

SOL = 1o ¢+ RSTAR(J)/RSTAR(J#1)®(2Z = 1. )SEXPPIPSIBARSDELTAT)
1 = (1./(PSIBAR®RSTAR(J+1))})*ORDTH(EXPP(PSIBARSDELTAT) ~ 1.)
GRS = 501

RETURN

END
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REAL FUNCTION KPJ{B+T)
DIMENSION Bl®)

EVALUATE EQUATION (35) FOR THE EQUILIBRIUM CONSTANTS

KPJ = EXPP{BIL)/T + B(2) + B(I)*T + pl4)*Tee

1 + B(S5)*T#¥3 + B(6)*Te%4)

RETURN
END

SUBROUTINE MIXLAMUILAMBDA,LAMBDAT)

SUBROGUTINE MIXLAM CALCULATES THE THERMAL CONDUCTIVITY

OF THE MIXTURE

DIMENSION LAMBDAI(G)
REAL LAMBDA,LAMBDAI
COMMON/SIGCOM/SIGMNA{L10)+SIGyPSUPO

EQUATION (07)

SUN = 0.

00 10 I=1,10
IF(LAMBDAI(I).EQ.0.) GO TO 10
SUM = SUM ¢ SIGMA({I)/LANBDAI(I)
CONTINUVE

LAMBDA = SIG/SUM

SUM = 0.

DO 20 I=1,10

SUM = SUM + SIGMA(I)®LAMBDAI(I)
CONTINUVE

LAMBDA = 0.5%(SUM/SIG + LAMBDA)
RETURN

END

SUBROUTINE MIXMU(MUsHKUI)

SUBROUTINE MIXMU CALCULATES THE VYISCOSITY OF THE
GASEQUS MIXTURE

COMMON/CONST/TCoKsCAPRyM1 W (10) sRHOLsRBARPI9ALPHAC
REAL KMl

DIMENSION MUI(10)

REAL MU,MUI

COMMON/S IGCOM/SIGMA(LO) ySIGyPSUPO

EQUATION (64)

MU = 0,

00 20 I=1,10

SUM = 0.

DO 10 J=1,10

IF(J.EQ.1) GO TD 10

IF(MUI(J).EQ.0.) GD TO 10

PHI = (1. # SQRT(MUI(IN/MUICJIII*{W{JI/N(]1))*¢0,25)¢%2
PHI = PHI/USQRT(8.)*SQRT(1l, + W(I)/K(J}))
SUR = SUN ¢ SIGMA(J)#PHI

CONTINUE

IF(SIGMA{I).EQ.0.) GO TO 20

MU = MU + HUIC1)/(1. + SUM/SIGMAL(I))
CONTINUE

RETURN

END



1 SUBROUTINE NUCRATICAPJ»TsP)

2 o

3 ¢ SUBROUTINE NUCRAT CALCULATES THE NUCLEATION RATE, J

4 c

5 COMMON/SIGCOM/SIGMA{LO}+SIGyPSUPQ

6 COMMON/CONST/TCyKyCAPRyM1 4W (10) yRHOL,RBAR,PIyALPHAC
. 7 REAL KyM1
: 8 COMMONZADJUST/GAMMAL»QCyALPHAZBETASDSTAR)ASTARDT2y
: 9 1 JMINsDELX,EPS(8) s I0UTsDTLsCVRAT)ARATJSTOP»JDBCPHCP1
: 10 REAL JMIN
i 11 c
: 12 c
i 13 c EQUATION (57)
1 C
: 15 PINF = EXPP(55.897 = 6641.7/T = 4.,4864%ALOG(T)}
5 16 PBAR = (P/PINF)*(SIGHA(1}/SIG)
: 17 TR = T/TC
H 18 ¢
: 19 ¢ EQUATION (58}
: 20 o
! 21 SIGMAX = (82427 ¢ 75.612%TR = 256.,889%TR**2 + 95.920%TR*#3)
z 22 1 #1.E~3
- 23 C
B 24 c EQUATION (59)
z 25 [%
H 26 RSTARX = 2.%SIGMAX/{RHOL*RBAR¥T#*ALOG(PBAR))
; 27 CALL CHG(T4HGXsHG1)
: 28 C
i 29 C EQUATION (56)
s 30 c
z 31 CAPL = HGL = 4,.2E+3%T + 17.11753058E+6
= 32 RHOX = P/(CAPR*SIG*T)
; 33 GAMMAL = CP1/{CP1 =~ CAPR/W(1})

34 c
z 35 c EQUATION {62)
- 36 c
- 37 Q0 = 2.,%({GAMMAL ~ 1.)#CAPL#(CAPL/{(RBAR¥T) ~ 0.5)/(RBAR*T
= 38 1 #(GAMMAL + 1.))
= 39 WAYG = 0.
- 40 DD 10 I=1,10
= 41 WAVG = WAVG + SIGMA(I}*W(I)
= 42 10 CONTINUE
= 43 WAVG = WAVG/SIG
i 44 WRAT = (W{Ll}/WAVG)##2
— 45 C
- 46 c EQUATION (61}
= 47 c
| 48 CAPJ = {le/(le + Q))*QCH*WRAT#SQRT(2,*SIGMAX/(PI*H1$%3))
= 49 1 *{RHOX##2/RHOLI#EXPP (=4, #PI#SIGHMAX*RSTARX®$2/(3,%K*T)}
- 50 CAPJ = CAPJ#(SIGMALL)/SIG)*#2
= 51 RETURN
= 52 END

40
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SUBROUTINE PARTL
STAGNATION CONDITIONS AND MASS FLOW RATE

COMMON/CONST/TCoKyCAPR ML oW {10} yRHOLyREAR+PIyALPHAC
REAL KoMl

COMMON/GAMOUT/GAMBAR
COMMON/ADJUST/GAMMAL»QCyALPHAYBETASDSTARYASTARDTZ,

1 JHINsDELXsEPS(B)sIOUTyDTLsCYRATHARATJSTOPJDBCPyCP1
REAL JMIN

COMMON/SNITCH/SWENDSWPOsSWGO

INTEGER SWENDsSWPO,sSWGO

COMMON/ INPT/TOs PO+ XLASToPHIL9yRHC,RND
COMMON/TANDP/TXX s PXX
COMMON/CUT1/50+HOsMDOT9RHDSTRsTSTAR

REAL MDOT
COMMON/CMOUT1/NENTRY 90T ¢RHOO» T19H1 9ULly USTAR yURHO»RHOF1
COMMON/SIGCOM/SIGMA(10)+SIGsPSUPOQ

COMPUTE ASTARy AREA AT NOZZILE THROAT

NENTRY = O
ASTAR = PI/4.%DSTAR**2

COMPUTE HO = HG USING EQUATION (42) WITH T = TO

Txx = T0

PXX = PO

CALL CECOMP

CALL CHG(TOyHO,DUML)
RHOO = PO/{(CAPR*S5IG*T0)

COMPUTE SO = SG USING EQUATION (44) WITH T = TOs RHO = RHOO
CALL C3(50,RHOO,T0)
MAKE INITIAL GUESS FOR T

TL = 0.9%T0

TXX = Tl

PXX = PO

07 = DT1

URHDX = 0.

CONTINUE

NENTRY = NENTRY + 1
CONTINUE

CALL CECCMP

COMPUTE DENSITY USING EQUATION (45)
CALL CDEN(RHUF1,50,T1)
COMPUTE PRESSURE USING EQUATION (47)

P = RHOF1*CAPR*SIG*T1
OIF = ABS{PXX - P)

TEST FOR CONYERGENCE ON PRESSURE

IF(DIF/P.LT.EPS{3}) GO TO 30
PXX = P

60 TO 20

CONTINUE

CALL CHGI{T1,HGFsDUN1)

COMPUTE FLOW VELOCITY USING EQUATION (103)
UF « SQRT{2.%#(HO = HGF))
H1 = HGF
Ul = UF
COMPUTE MASS FLUX
URHOD = RHOF1#®UF
GAMBAR = ALDG(TL/TO)/ALDG(P/PO)
GAMBAR = 1,/(1l. - GAMBAR)
IF(I0UT«GT+1.AND.SWPO.EQs1) CALL PRTOUT(1,42)

IF PAST A MAXIMUA FOR MASS FLUX SRANCH TO CHANGE
RESOLUTION TO LOCATE THE MAXIMUM

IF{URHD,LT URHOX) GO TO 40

41
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50

URHOX = URHD
T1 = T1l- DT1
TXX = T1
GO TO 10

PAST A MAXIMUM, RESTORE LAST T AND DECREASE
DELTA T - GO BACK AND TRY AGAIN

TST = ABS(URHO - URHOX)/URHO
IF(TST.LTLEPS(4)} GO TO 50
Tl = T1 ¢+ 2.0%071

TXX = T1

OTL = 0.,5%0TL

URHOX = 0.

GO TO 10

HAVE FOUND A MAXIMUM MASS FLUX
SET TSTAR = Ty RHOSTR = RHOs USTAR = U

TSTAR = T1
RHOSTR = RHOF1
USTAR = UF

COMPUTE MASS FLOW RATE, MDOT USING EQUATION (104)

RDOT = RHOF1®UF#ASTAR
IF(SWPO,EQ,1) CALL PRTOUT{1,0)
RETURN

END
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SUBROUTINE PART2
ISENTROPIC EXPANSION FROM NOZZLE THROAT

COMMON/SIGCOM/SIGMA(L0)+SIG+PSUPO
COMMON/SVX2/X22,Y22

COMMON/GAMDUT/GAMBAR
COMMON/SWITCH/ SWEND s SWPO s SWGU
COMMON/PLTOUT/NOUT»TUUT(600) +POUT {600} »XOUT(600)»

1 DELYT(600),U0UT(600)yOUTMACI600]

INTEGER SWENDsSWPOsSWGO
COMMON/INPT/TOsPOsXLASToPHILRHC+RNO
COMMON/TANDP/TXX 9P XX

COMMON/OUTL1/S0yHOyMDOT yRHOSTR,TSTAR

REAL MOOT
COMMON/CMOUTL/NENTRY9DToRHOO 9 T1oH1sUL»USTAR yURHOsRHOF1
COMMON/ADJUST/GAMMAL yQCoALPHASJBETA9DSTARWASTARDT 2,

1 JMINoDELX+EPS(B) e JOUTsDTL1oCVRAT,ARAT,JSTOP»JDB4CP,4CP1
REAL JMIN
COMMON/CONST/TCoKoCAPR9yML yW(10) sRHOLsRBARyPI4ALPHAC
REAL KMl
COMMON/ QUT2/U2sRHD29CAPJ29T29P2yRSTARZ9X29A2,5162{11),0UNC
COMMON/CMOUT2/NEy T2W s SIGMAX s U2ZWoyRHO» Py PINF s PBARy TRyH2ZWsRSTARCAPL,

1 Qs
REAL J

1 FORMAT(1HO"#%e%% ARRAY SIZE EXCEEDED IN PART 2 ##d%s%")
2 FORMAT(1HO,"#%%4& END OF NOZZLE ENCOUNTERED WITH INSUFFICIENT®
1 o' VALUE OF J #9%s%?)

START WITH T = TSTAR AND RHO = RHOSTR

NENTRY = 0
NENTRY2 = 0
IBR = 0
X0LD = 0.
T2W = TSTAR

DECREASE T BY DT2

NE = 0
P = RHOSTR®CAPR*SIG®TSTAR

10 CONTINUE

NE = NE ¢ 1
T2k = T2W - DT2
TXX = T2uW

20 CONTINUE

PXX = P
CALL CECOMP

CALCULATE DENSITY USING EQUATION (45)
CALL CDENURHOZZ50,T2W)

CALCULATE PRESURE USING EQUATION (47)
PZZ = RHOZZ*CAPR*SIG*T2H
DIF = ABS(P = PZ1)
IF(DIF/PIZ.LT.EPS(5)) 60 TO 30

P = PIZ
60 TO 20

30 CONTINUE

CONVERGENCE IN PRESSURE ITERATIDN
CALCULATE ENTHALPY USING EQUATION (42)

CALL CHG(T2WsHG,DUM)}
CALCULATE FLOW VELOCITY USING EQUATION (103}

U2W = SQRT(2.¢(HO = HG))

H2W = HG

RHO = RMOZZ

NOUT = NE

TOUT(NOUT) = T2W/TO

POUT(NOUT) = P/PO

UOUT{NOUT) = U2W

CALL SATTEMITS,P)

DELTTINOQUT) = TS5 = T2W

IF(DELTT(NQUT) «LT«0,) DELTT(NOUT) = O,

CALCULATE CPLl USING EQUATION (38)

43
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CALL CCP(T2WsCPsCPLyCPC)
CALCULATE GAMMAL USING EQUATION (39)

GAMMAL = CP1l/(CP1l - CAPR/W(1))
OUTMACINOUT) = GAMMAL*CAPR#SIG*T2W
CUTMAC{NDUT) = UZW/SQRT(OUTMACINOUT)})

CALCULATE PINF USING EQUATION (57)

PINF = EXPPU55.,897 ~ 6641.7/T2W = 4.4864%AL0G(T2H))}
PBAR = (P/PINF}I*(SIGMA(1)/516)

CALCULATE AREA USING EQUATION (105)
ALST = MDOT/(RHO®*UZW)
GET X POSITION CORRESPONDING TO THIS AREA

CALL XVSATALSTHXLST)

IFLIXLST - XOLD).GT+0¢1) DT2 = 0.3¢DT2

XgLD = XLST

IFINOUT.GT.555) WRITE(6,1)

IF(NOUT.GT.595) STOP *TOQO MANY POINTS'!

XOUTINDUT) = XLST

X2 = XLST

GAMBAR = ALOG(T2W/TO)/ALOG(P/PO)

GAMBAR = 1./(1. - GAMBAR)

NENTRY = NENTRY + 1

IF(PBARCGE.1+e AND.NENTRY2,EQe0} NENTRY = 1
IF(IOUT.GT.1AND,SHPO.EQ,1) CALL PRTOUT(241}
IF{PBARSGE+1+sAND NENTRY2.EQ.0) NENTRY = NENTRY + 1
IF(IBR.EQ, 0. AND X2 GTo XLAST) WRITE{6,42)
IFUIBR.EQeQsANDoX24GTo XLAST) STOP 'END OF NOZILE'

BRANCH BACK FOR S.LT.1

IF(PBAR.LT.1.) GO TO 10
IF(NENTRY2.EQ.0) X22 = XLST
IF(NENTRY2.EQ,0) Y22 = POQUT(NOUT)
NENTRYZ = NENTRYZ2 ¢ 1

TR = T2uW/TC

CALCULATE SIGMAX FROM EQUATION (58)

SIGMAX = (82,27 + 75.612%TR — 256.889*TR#¥*2 ¢ 095,9284TR¢$3)

1 #1,.,E~3
CALCULATE HG1 USING EQUATION (43)
CALL CHG(T2W,DUMyHGL)

CALCULATE LATENT HEAT DF'EVAPORATION
USING EQUATION (56)

CAPL = HGL = 4.,2E+3%T2W + 17.,11753658E+6

CALCULATE CRITICAL DROPLET RADIUS USING EQUATION (59)

RSTAR = 2,%5IGMAX/{RHOL*RBAR*T2W*ALOG(PBAR])
CALL CCP(T2W,CPsCPLoLPC)

GAMMAL = CPL/(CPLl = CAPR/W(1))

WAVG = O,

DO 40 I=1,10

WAYG = WAVG ¢ SIGMA(I)*W(I)

CONTINUE

WAVG = WAVG/SIG

WRAT = (W{Ll)/WAVG)#*2

CALCULATE Q USING EQUATION (62)

Q = 2,%({GAMMAL = 1 )%CAPL*{CAPL/(RBAR*T2N) ~ 0.5)/(RBAR®TZH

1 #{GAMMAL + 1,.1))
CALCULATE NUCLEATION RATE USING EQUATION (61)

J = (1e/(1le ¢ QIIUQCHWRAT*SQRT (2. #SIGHAX/(PI*M18¢3))*{RHO**2

1 /RHOL)#EXPP (=4 #PI*SIGMAX¥RSTAR®%2/(3,%K*T2N))
J o= JH(SIGMA(L)/5IG)*%2
IF(I0UT.GT«1.AND.SWPG.EQ.1) CALL PRTOUT(Zs2)

BRANCH BACK IF J.LT.JMIN

[N B IR TR
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167 IF(J.LT.JMIN) GO TU 10

168 IF(IBRLEQs14ANDXLST.LELXLAST) GO TO 10
169 IF(IBReEQs1+ANDXLST+GT.XLAST) GO TO 60
170 uz = Uz2uW

171 XSAV = XLST

172 A2 = ALST

173 RHOZ2 = RHO

174 CAPI2 = J

175 T2 = T2W

176 P2 = P

177 RSTARZ = RSTAR

178 OUMC = BUTMAC(NDUT)

179 DD 50 1J=1,10

180 SIG2(IJ) = SIGMA(IJ)

181 50 CONTINUE

182 SIGZ(1l1l) = SIG

183 IBR = 1

184 60 70 10

185 60 CONTINUE

186 00 70 IJ=1,410

187 SIGMACIJ) = SIG2(IJ)

188 70 CONTINUE

189 SIG = SIG2(11)

190 X2 = XSAV

191 IF(SWPO«EQ«1l) CALL PRTOUT(Z2,0)
192 RETURN

193 END
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SUBROUTINE PART3
NUCLEATION AND DROPLET GROWTH

COMMON/COEFCO/COEF{10+842)
COMMON/GAMOUT/GANBAR

DIMENSION HLI{400),SLI{400),YIJ(400)
COMMON/SIGCOM/SIGMA(LO) 9SIGHPSUPD
COMMON/EQCOM/DELTAT,CAPLoNUSPSIHDRDT,

1 TRoLYILDA¢KNs THETAsLAMBDAsPRoXI9OMEGAyCAPLAN
REAL NUyLTILDASKNyLAMBDA

COMMON/INPT/TOsPOs XLASTsPHI14RHCyRND
COMMON/SWITCH/SWENDySWPO s SWGO

INTEGER SWENDsSWPOy5SWGO

COMMON/ QUT2 7U2yRHOZ2sCAPJ24T24P2oRSTARZ»X29A29SIG2(11)0UNC

COMMON/CMOUT3/NENT

COMMON/CUT1/50 4HOs MDOT yRHOSTRyTSTAR

REAL MDOY

COMMON/CMOUT 1/NENTRY 3 DT yRHDOs TLoHI yULy USTAR oURHD» RHOF 1
DIMENSION SIGMSY(10}
COMMON/ADJUST/GANMAL yQCy ALPHAJBETA)DSTARSAS TAR,DT2,

1 JNINJDELX,EPS{8)yI0UTsDT1,CVRAT,ARAT, JSTOP »JDBCP4CPL
REAL JMIN
COMMON/CONST/TCsKyCAPR M1 oW {10) yRHOLyRBARPIALPHAC
REAL KoMl

COMMON T4J+A(400) +X{400)»DELN(400) sCAPJX(400)4R(400),
1 MUC400) »TLU400) s T1400) 4P (400) yRSTAR(400)

2 UL400) 4514000 5SLI400) JHL{400) sRHO(400) sCAPJIY (400},
3 F(400) »GU400),YS{400)DELY{400)4DELS(400),
4 RPERM{400)sTS(400)s0UTMCH{400)4CAPP J{400)

REAL MU =

REAL LBAR

OIMENSION INDTYP(400)

FORMAT(' ##8%% PROGRAM STOPess EXCESSIVE LOOPING ##%¢%')
FORMAT(1HO,* BEFORE DBLIT')

FORMAT(1H »'JoTOLDsT(J+1)yPlJ41)"415,3E16.8)
FORMAT(®" RSTARCJ+1)sCAPJI=~(J)}yCAPJI+(J)"93EL6.8)
FORMAT (' DELN(J)sULJ+1)2TSUJ+1)»CPLIJ*L1)Y4EL6,.8)
FORMAT(® F{J*1),G0J+1)sY50J+1)sDELYLJ) '54EL6.B])
FORMAT (" HL(J+1}ySLUJ*1)4DELS{J)»S(J+1)"4y4E16.8)
FORMAT(® RHO(J+1)0A(J*1)"42EL6.8)

FORMAT(" (RUI»J+1)sl=1yJ)'y6E16.8)

FORMAT(® (TLUIoJ#1)yI=14d)*y6EL16.8)

FORMAT(® (SL(IsJ+1)9l=lsd)'y06E16.8)

FORMAT(® (HL(TIyJ+1l)sl=140)"46E16,.8)

FORMAT(® (Y(lyJel)sI=1yJ)'56E16.8)

FORMAT(1HO,* AFTER DBLIT'})

MAXJ = 1000

JTOP = MAXJ

DO 20 1J=1,400

RPERMIIJ) = O

CONT INVE

TAKE VALUES FROM PART 2 AS A STARTING POINT

T{1) = T2

Pi{l) = P2

RHO(1) = RHOZ
ull) = Y2

S(1) = S0

All) = A2
OUTMCH{1) = QUMC
x{l) = X2
RSTAR(1) = RSTAR2
¥Y5{1) = 0.

CHEMICAL COMPOSITION REMAINS CONSTANT THROUGHOUT
PART 3 EXCEPT FOR FORMATION OF LIQUID WATER
SAVE PART 2 RESULTS

00 30 IJ=1,10
SIGMSY(IJ) = SIGHMA(IJ)
CONTINUE

SIGSY = 516

J =1

ICHG = 0

CONTINUE

TiJ+l) = T(H)

PlJ+l) = P( )

EQUATION (18)

[ T NI T
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O DOOR AT -ty
DO 50 IJK=2,10 U POOR QUALITY
SIGMA(IJK) = SIGMSVIIJKI/(Le = YS(J})

CONTINUE

EQUATION (17)

SIGMA(L) = SIGMSY(1l) = ¥5(J)/0.018
SIGMA{1) = SIGMA(1)/(l. = YS(J})
SIG = SIGSY = ¥Y5(J)/0.018

SIG = SIG/(1. =~ ¥5(J))

CALL SATTEM(TS(J+1),PUJ+1)])

UtJ+l) = ULJ)

INCREASE THE SIIE OF DELTA X FOR POSITIONS 20
STEPS PASY THE DROPLET FORMATION CUTOFF

IF{ICHG.LT«15.AND4(J=~20) .GT.MAXJ) DELX = 1,08¢DELX
IF({J-20).GT.MAXJ) ICHG = JCHG ¢ 1

INCREASE X BY DELTA X+ EQUATION (106)
x{J+l) = XCJ} + DELX
IF AT END OF NOZILEs CALCULATION IS FINISHED

IF(X{J+1)«GTXLAST) GO TO 240

FRCBND = 1.

IF(J.EQ.1) GO TO 60

FRCBND = (X{J} = X(J=1)}/({x(J+1) - X{J)}
CONT INUE

GET THE CRCSS SECTIONAL AREA FOR THE NEW
X POSITION, EQUATION (107)

CALL AVSX(X(J+l)sAlJ*1))

CALL SATTEMITS(J)sP(J4))

PINF = EXPP(55.897 = 6641.7/T(J) = 4,4064%ALOGI(T{J)]))
PBAR = (P(J}/PINF)I*(SIGMA(1)}/51G)

TR = TWII/TC

SIGMAX = (B2427 ¢ 75,612¢TR = 256.889%TR#%2 + 95,928%TR*#3)
1 *1,E-~3

RSTARUJ) = 2,%SIGMAX/(RHOL®RBAR*T(J)®ALOG(PBAR]})
R{J) = 1.001*RSTAR(J)

CALL GRLPRP

IF(J.NE.1) GO TO 80

CALL AVSX{X(1)-DELXsAJM)

CAPGAM = MDOT/AJM

TAUOLD = T(J)

CONTINUE

CALL CDEN{RHOF»S0,TAUOLD)

CALL CHG(TAUOLDyHGF,DUM)

CALL CCP{TAUULDsCP+CP1,4CPC)

UF = SQRT{2,%({HO = HGF))

FF = RHOF*UF ~ CAPGAM

DRHODT = (CP = CAPR*¢SIG)*RHOF/TAUOLD

DUDT = ~CP/UF

FFP = UF*DRHODT + RHOF+DULDTY

TAUNEW = TAUOLD = FF/FFP

DEL = ABS{TAUNEW~TAUOLD)/TAUNENW

TAUOLD = TAUNEW

IF{DEL.GT.EPS(6)) GO TO 70

TJH1 = TAUNEW

PJM1 = RHOF*CAPR*SIG*TAUNEW

GO 7O 90

CONTINUVE

TJML = T{J=1)

PJIM1l = PLJ-1)

CONTINUE

TJHL = (TJML + (FRCBND ~ 1.)%T(J))/FRCBND
PJM1 = (PJM1 + (FRCBND = 1.)#P(J)}/FRCBND
TIM = 0.,5*(TUMLl + TEJN)

PJM = 0.5%(PJML + PULJ))

GET NUCLEATION RATE AT J - 1/2

CALL NUCRAT(CAPUIX{J)sTJM,PJIM)
00 100 I=1l,J

RPERM(I) = R(I)

CONTINUE

NLOOP = O

CONT INUE :

NLOOP = NLOOP + 1
IF(NLOOP.GT.400) WRITE(6s1)
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SO0 0

130

140

150

160

IF{NLOOP.GT.400) GO TO 240
TIP = 0.5%(T(J) ¢ T(Jel))
PJP = 0.,5%(P(J) + P(J+1l))

GET NUCLEATION RATE AT J ¢ 1/2

CALL NUCRAT(CAPJY{J)sTJP,yPJIP)
DELN(J)} = 0O,

CAPPJtJ) = 0.
IF{CAPJY(J)oLT.1ls) GO TO 120
IF(CAPJX(J)elTele) GO TO 120

CALCULATE MEAN NUCLEATIDN RATE, EQUATION {108)
CAPPJ{J)} = (CAPJY(J) = CAPIX(J)I/ALOGICAPJIY(J}/CAPIX{J))
CALCULATE NUMBER OF DROPLETS FORMEDs EQUATION (109)

DELN(J) = CAPPJ(JI*A(J)I*DELX/MDOT
CONTINUE

SET FLAG TO INDICATE DROPLET FORMATION HAS STOPPED
IF(DELN(J)«EQeDesANDJMAXJILEQ.1000) MAXJ = J

CALCULATE R* FOR DROPLET GROWTH
EQUATIONS (57) = (59)

PINF = EXPP(55.897 ~ 6641.7/T{J+1) = 4.4B64%ALOG(T(J+1)))
PBAR = ([P{J*L)/PINFI*(SIGMAIL)/SIG)

TR = T{J+1)/TC :

SIGMAX = (82,27 + 75.612%TR = 256.889%TR#%2 + 95,928%TR#*3)
1 *#1.E-3

RSTAR(J+1) = 2,#SIGHMAX/(RHOL*RBAR*T(J+1)*ALDG(PBAR))

CALCULATE THE TIME STEP CORRESPONDING TO THIS
DELTA Xs EQUATION (110)

DELTAT = 2.#DELX/(U(J) + U(J+1))
00 130 I=1,J

R{I} = RPERM(I)

CONT INUE

CALL GRLPRP

DO 140 I=1,J

IFINLOOP.EQ.1) INDTYPL{I) = 27
CONTINUE

SET DROPLET RADIUS TO ZERQO FOR PUSITIONS PAST
THE DROPLET FORMATION CUTOFF

IF(J.GT,MAXJ) R{J) = 0.

JTOP = J

IF(J+GTMAXJ) JTOP = MAXJ

DO 160 I=1,JT0P
IF(R{I)/RSTAR(JIeLTeleloAND.NLOOP.EQ.1) INDTYP(I) = 26
IFLINDTYP(I).EQ.26) GO TU 150

Z = 1,0001

CALCULATE DROPLET GROWTH FOR LARGE
DROPLETSs EQUATION (72}

IF(NLOOP.EQ.1)
1CALL GRL(Z)

IF(NLDOP.ECQ.L)
1R(1) = Z#RSTAR{J)
IF(NLOOP,EQ.1) RPERM(I) = R(1}
G0 TO 160

CONTINUE

IF{R{I}+EQ.0.) GO TO 160

7 = RUII/RSTARI)

CALCULATE DROPLET GROWTH FOR SMALL
DROPLETSy EQUATION (79}

127 = GRS(Z)

IF(2Z.L7.0.) 12+0.

R{1) = ZZ#RSTAR(J+1)

CONTINUE

R(J+1) = 1,001*RSTAR{J+1)

RHO{J+1) = P{J+L)/(CAPR*SIG*T(J+1)]}
FlJel) = Qo

JPL = JTOP + 1

CALL NUCRATI(CAPJPLyT(J+1}sP{J+1))
DELN(J+1) = A(J+1)*DELX#CAPJIPL/NDOT
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ORIGINAL PAGE IS
CAPPJ{J+1) = CAPJPL OF POOR QUALITY,
YS(J+l) = O,
00 170 I=1,JP1

CALCULATE MASS OF DROPLETS FOR TYPE [
HULT) = (44/3.)%PI#RHOL*R(])**3

CALCULATE MASS RATIO OF LIQUID WATER
FOR TYPE I, EQUATION (117}

YIJOI) = MUYID*DELNLI)

CALCULATE TOTAL MASS RATIO OF LIQUID
WATER, EQUATION (118)

YS50J+l) = YS{Jel) + YIJ(I)
CONTINUE

DELY(J) = YS{Jel) - YS(LJ)
HL{J¢1) = 0,

SLJ+1) = 0O,

JPP1 = J ¢+ 1

DD 200 I=1,J4PP1L

TLII) = T(Je+l)

IFI1.G6T.JP1) GO TO 200

IF(R{I) LT.RSTAR{J+1)) GO TO 190
KN = LTILDA/(2.%R(]1))

DELTA = XI®KN/PR

CALL CCPUTU(J)+CPyCPL,4CPC)

WAVG = 0,

wC = 0.

0O 180 IJ=1,10

WAVG = WAVG + W(1J)*SIGMA(IJ)
IF{IJ.NE.1) WC = NC + WIIJ)I#SIGMA(LJ])
CONTINUE

WAVG = WAVG/SIG

WC = WC/{(SIG - SIGMA(Ll})

WRAT = W(1l)/WAYG

Yl = SIGMA(1)/S1IG

GAMMAL = CPLl/(CP1l - CAPR/W(1l})
GAMMAC = CPC/(CPC - CAPR/HWC}

FFF = Y1#SQRT(WRAT) + (1., - Y1)#SORT(WC/WAVG)® (GAMMAL/GANMAC)

1 *U(GAMMAL + 1.)/(GAMMAL + 1.})#(CPC/C>11%ALPHAC
DELTA = DELTA/Z(XI*KN/PR +

1 FFF/(1le ¢ 2.%BETA%KN))
TLET) = T{J+d) » (Lle/(1. = NUSDELTA))*

1 (1e = RSTARUJ+1I/R(LIIIB(TSLI+1) = TUJ+1))

190 CONTINUE

200

CALCULATE ENTHALPY OF LIQUID, EQUATION (119)

HLI(I) = 4,2E+038TL(I) = 17.11753658E+06
HL{J+1) = HLUJ#1) + YIJ{IM*HLIC(])

CALCULATE ENTROPY OF LIQUIDs EQUATION (120}

SLITI) = 4,2E+03%ALOGITLII)) = 2,001496261E+04
SL{J*1) = SLUJ*L) ¢ YIJCLI#SLIC(I)
CONTINUE

TJ = 0,5%{T(J¢1) + TLI)

PJ = 0.54{P(J+1) + PLL))

CALL SATTEM(TSJsPJ)

JZ =1

IF(TSJ.6T,1000,) JZ = 2

CALL CHGITSJyDLMyHGX)

LBAR = HGX = 4,2E¢3%75J + 17,11753658E+6
Ji = 1

IF(TJ.GEL1000,) J2 = 2

CALL CCPUTJyDUMSCPZyDUN)

CALCULATE CHANGE IN ENTROPY, EQUATION (83)

DELS(J} = (LBAR - CPZ#(TSJ = TJ)I*DELY(J)
1 #(1./TJ = 1./T750)

CALCULATE ENTROPY OF THE MIXTURE, EQUATION (124)

S(J+1) = 5{J}) + DELS(J)

TOLD = T{J+1)

IF(J.LT.408) GO TO 210

KRITE(642)

WRITELGs3) JyTOLDyT(J+1)4P{J+1)
WRITE(b94) RSTAR(JI+1)yCAPIX(J)CAPIYLY)
WRITE(695) DELN{J)sULJ#1)TS(JI+1),4CPL
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210

220

240

WRITEL696) F(JI+1)961J21)3YS(J+1),DELYLJ)
WRITE{647) HL{J4L)9SLUJ*1) +DELSUJ)9S(J+1)
WRITEL6¢8) RHO({J*1)}4ALJ*1)

WRITE(699) (RIIJKIsIJK=1,yJ)

WRITE{6410) (TL{IJK)sIJK=1,yJ)
WRITEL6s11) (SLI(TJK)y1JUK=1,4J)
WRITE(6s12) (HLILIJK)y1JKm=1,yJ)
WRITE{6413) (YIJ(IJK)sIJK=1yJ)

CONTINUE

CALL DBLIT

CALL CCP(T(J+1)+CPSsCP1yCPC)

GAMMAS = CP1/(CP1 - CAPR/NW(L1))
QUTMCH(J+1) = GAMMAS*CAPR*5IGC*T(J+1)
QUTMCHUJ+1) = U(J+1l)}/SQRTICUTHCHIJ*1))
IF{J.LT.JDB)} GO TO 220

WRITE(6y14)

WRITE(693) JyTOLDsTUI+1)9P{Jel)
WRITE{694) RSTAR{J*1)2CAPJIX{J}CAPIYLJ)
WRITE(645) DELN(J) U(J+1)yT50J¢1),CPL
WRITEL696) F{J+1)yG{JIo1)yYS(J*+1)DELY (Y]
WRITE(697) HLLJ+1)ySLUJ+L)4DELS(J}»5(Jel)
WRITE(698) RHO(J+1)sAJ*1)

WRITE(69) (RUIJK)1JK=1l,yJ)

WRITE(6410) (TL(IJK) IJK=l,J)
WRITE(6s11) (SLILIJK)»IJK=lsd)
WRITE(6912) (HLI(IJK)sIJK=1yJ)
NRITE(6+13) (YIJ(IJK)91JK=1yJ)

CONTINUE

CONVERGENCE TEST

DEL = (T(J+1l) - TOLD)/TOLD
TOLD = T(J+1)

TEST FOR TEMPERATURE CONVERGENCE EQUATION (133}
IF NO CONVERGENCE GO BACK TO DROPLET GROWTH

IF{ABS(DEL).GT.EPS(7)) GO TO 110

CONYERGENCE. o+ OUTPUT RESULTS AND GO ON
TO THE NEXT VALUE OF J

WRITE(7) JotRUITIGMULIIHLILI) »SLICID) oTLUT)» YIJUT) o I=1y 3}
GAMBAR = ALOG(T(J+1)/TO)/ALOGIPIJ+1)/PO)
GAMBAR = 1./(1. = GAMBAR) Co
IF(I0UT.EQ, 2. AND,SWPO.EQ,1) CALL PRTOUT(3,1)
L0 230 I=1l,J

IFCINDTYP(I).EQ.26) RPERM(I) = R{I)

CONTINUE

GAMBAR = ALOG(T(J+1)/TOV/ALOGIP(J+1)/PO)
GAMBAR = 1.,/(l., = GAMBAR}

WRITE(33) JoeXUJ)sDELN(J) s (R(KK]}sKK=1yJ)

J = J + ]

IF AT TERMINAL Jy» CALCULATION IS FINISHED

IF{J«GTLJSTOP) GO TO 240

GO TO 40

CONTINUE

IF(SWPOL.EQ.1} CALL PRTQUT(3,0)
RETURN

END
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SUBROUTINE PLTOUT

SUBROUTINE PLTOUT GENERATES PLOT OUTPUT QF PROGRAM
RESULTS. SEVERAL SUPPORTING SUBRUUTINES ARE A PART
OF THE LANGLEY GRAPHICS SYSTEM. THESE INCLUDE:

ASCALE

AXES

CALPLT

CHARST3

CHARST4

CHARS12

DASHPLT

LINPLT

NF RAME

NOTATE

PNTPLT

REPCHAR
FOR MORE INFORMATION ON THESE ROUTINES SEE YLANGLEY
GRAPHICS SYSTEM™s CENTRAL SCIENTIFIC COMPUTING COMPLEX
DOCUMENT G-3.

COMMON T4J4A0400)9X(400) sDELN(400) CAPJIX(400) sR{400),

1 MUCA00) o TL (400} ¢T(400)yP(400)yRSTAR(400)

2 U(400) +5(400)}»SL(400)yHL{400) yRHO(400) »CAPJY (400)

3 FL400)+G(400),YS(400)+DELY(400),DELS(400),

4 RPERMI4CO}TS(400)s0UTHMCH(400) ,CAPPIL400)

REAL MU

COMMON/OUTL1/SOsHOWMDOT9RHOSTRs TSTAR

REAL MDOT

DIMENSION DUH{400)

COMMON/SVYX2/%22yY22
COMMON/EXPDAT/NEXP ¢ XEXP(50) sPEXP (50) yPREF
COMMON/PLTBLK/XMIN g XMAX9PM INyPMAX s TH IN 9 THAX o

1 YMINsYMAXsDTMINJDTMAX yDNMIN DNMAX s RMINoRMAX,

2 PRMINSPRMAXyTLMINs TLMAX s RHOMIN 9RHOMAX,

3 SMINySHAX UMINyUMANXMMINy XMMAXsIPSLCT(1S)
COMMON/INPT/TO9PO+XLAST 3 PHI14RHC RND
COMMON/PLTOUT/NOUT s TOUT(600) 4POUT(600) +X0UT(600)

1 DELTT(600)UOUT(600) +0UTMAC(600)

DIMENSION YP(400)
OIMENSION PAT(2)

DIMENSION PATX{4)sPATY(4)
DATA PAT/0.59~0.25/

DATA PATX/0491425900914/
DATA PATY/0.58490.5890s914/

CALL CHARS12

CALL REPCHAR{2,12)

CALL CHARST4

CALL CHARST3

NP = J -1

XSV = xil1)

X{1) = 0,

CALL ASCALE(Xs8.9NP4s1410.)
IF(XMINSNE,OssORXMAXNELOs) XINP+1l) = XMIN
IFUXMINGNE. Qe e ORXHAXoNE.O4) XINP42) = (XMAX = XMIN)/SB,
XOUT(NOUT+1) = X(NP+1)

XQUT(NOUT+2) = X{NP+2)

X(1} = XSV

IF(IPSLCT(2).EQ.0) GO TO 40

PRESSURE RATIO VS X

NOUTH = NOUT = 1

DD 30 IJ=1l4NP

DD 10 IJK=1,NOUTM

IFAX{IJ) eGE«XOQUTITIIK) o ANDeX(IJ)LESXOUTI{]JK+1)) GO TQ 20
CONT INVE

IJK = NOUTM

CONTINUE

YP(IJ) = POUT(IJK) ¢ (X(IJ) = XOUT(IJK))
1 *(POUT({IJK+1) = POUT(IJKIIZ(XOUT(IJK + 1) = XOUT(IJK))
YP(IJ) = P(IJY/(YP(IJ)#PO)

CONTINUE

CALL ASCALE(YPy649NPy1+10,)

IF(PRMIN,NE+O.OR.PRMAX.,NE.Q) YP(NP+1l) = PRMIN
IF{PRMIN.NE«O,ORPRMAX NE.O) YPI(NP+2) = (PRMAX ~ PRMIN}/6.
CALL AXES(Oe90e90arBagX{NP+L1) o X{NP+2)31.:04
1 1HXy0.24~1}

CALL AXES{Qes0ev90sv00sYPINP+L)yYPINP*2) 914904y
1 7THP RATIO0»0.,247)

CALL LINPLT(X9YPyNP319050,040)
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XPLOT = (X22 = X(NP+1})/XINP+2)
YPLOT = O,

CALL PNTPLT{XPLOTsYPLOTy4sl)
CALL NFRAME

CALL CALPLT(4.591:59-3)
IFLIPSLCT(7).EQ.0) GO TO 60

CRITICAL RADIUS ¥5 X

DO 50 1Jsl,NP

YP{IJ} = RSTAR(IJ)

CONTINUE

CALL ASCALE(YPy649NPs14104)
IF(RMINeNE<Os s OR(RMAX+NE.O4) YP(NP+L) = RMIN
IF{RMINNE.COo o OR.RMAX NEo Do) YP(NPe2) = (RMAX=RMIN)}/6.
CALL AXES{Oe¢s0s90esBosX{NP+L1) ¢ XINP+2) sk es00cy
1 1HX30.29-1)

CALL AXES5(0e900490crbesYPINP+L)»YPINP+2) 910900y
1 5HRSTAR0.2+5)

CALL LINPLT(XsYPeNP2140+0+040)

CALL NFRAME

CALL CALPLT(4+591e59-3)

IF(IPSLCT(8).EQ.0} GO TO 140

DROPLET RADIUS (AND R®} V5 X

NRAD = NP/10

NRAD = NRAD - 1
IF{NRAD.GT.10) NRAD = 10
IRAD = 5

DO 120 JRAD=1sNRAD
REWIND 7

CONTINUE

READ(7+END=80) JJJ.(DUN(IJ)vDUHlvDUHZ9DUM3100H4'DUN5QIJ'leJJ)

IF(EDF(7).NE.O) GO TO 90
IF(JJJ.LT.IRAD) GO TO 70
YP(JJJ) = DUMCIRAD)
60 TO 70
CONTINUE
NPP = NP = IRAD + 2
YP(IRAD-1) = O,
DO 100 IJs1yNPP
KRAD = IRAD + IJ - 2
IZ(YP{KRAD) +LEs10.##RMIN) YP(KRAD) = 10.¢#RMIN
YP(KRAD) = ALOGLO(YP(KRAD))
CONTINUE
IFUJRAD.EQ.1) CALL ASCALELYP{IRAD=1)s64¢9sNPPs1510.)
IF(JRAD.NE,1} GO TO 110 .
IF(RMIN.NE.C..OR.RMAX,NE.O,) YP(NP+1) = RMIN
IF(RMINCKE«Oo¢eORsRMAXSNE.Os) YPNP+2) = (RMAX-RMIN}/b.
CONTINUE
IF(JRADJEQ.1)
ICALL AXESTQe90as00sBesXINP+1IoX(NP+2)y1las00us
1 'OUISTANCE JA(LONG INC{OZILE Xy M)"40.24=32)
IF(JRADLEQ,.1)
1CALL AXES (0490059009643 YPINP+L) s YPINP42) 91451001

2 'YD{ROPLET JRUADIUSy $32L$30G RSUISN AND $20L$30G RSD*$N, LR

3 0.2955)

NPP = NPP = 1 )
IF(YPUIRAD) .NE.RMIN) YP{LRAD) = ALOGLO(RSTARIIRAD))
CALL LINPLT(X{IRAD)sYP{IRAD})NPP+1,0,040,0)
IRAD = IRAD + 10

CONTINUE

00 130 IJ=1,NP

YPIIJ) = RSTAR(IJ}

IF{YP(IJ).LE.L1O.#3RMIN) YP(IJ) = 10.#%RMIN
YP(IJ) = ALOGLO(YP(IJ))

CONTINUE

CALL LINPLT(XsYPyNPy1,0504050)

CALL NFRAME

CALL CALPLT(4.5s1e59-3)

IF(IPSLCTI9) ,EQ,0) GO TO 280

TEMPERATURE OF LIQUID VS X

DO 150 IJ=1,NP

YP(IJ) = TSUIJ)

CONTINUE

NRAD = NP/10

NRAD = NRAD - 1
IF(NRAD.GT,10) NRAD = 10
IRAD = 5

D0 200 JRAD=lsNRAD
REWIND 7

e ]
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160 CONTINUE
READ(7,END=170) JJJy(DUM44DUML4sDUM2+sDUM3DUMITIJ) yDUNSyIJe1y440)
170 IF(EOF(7).NE.O) GO TO 180
IF(JJJLT.IRAD) GO TQ 160
YP{JJJ) = DUM(IRAD)
GO TO 160
180 CONTINUE
NPP = NP = IRAD + 2
YP(IRAD-1) = 0,
IFUJRAD,EQel) CALL ASCALE(YP(IRAD~1)96494NPP41,10,)
IF(JRAD.NE.1) GO TO 190
IF{TLMINGNE.Ce s OR.TLMAX,NE4O.) YP(NP+l) = TLMIN
IFUTLMINGNE « 00 s OR.TLMAX G NEoOs) YP{NP+2) = (TLMAX - TLMIN)}/6,
190 CONTINUE
IF(JRAD,EQ,.1)
1CALL AXES(0490490498esX(NP*1)yXINP+2) 910904
1 1HXs0.24=1)
IF{JRAD,EQ,1)
1CALL AXES(0e9049904 9609 YPINP+L) s YPINP*2) 931,904y
1 1HT 9042511}
NPP = NPP = 1
CALL LINPLT(X{IRAD)+YP(IRAD)}yNPP41,040,0,0)
IRAD = IRAD + 10
200 CONTINUE
DO 210 TJ=14NP
YP(IJ) = T(1J)
210 CONTINUE
CALL LINPLTUXyYPyNP419090y040]}
DO 220 TJ4=1,NOUT
TOUT(IJ) = TOUT(IJ)*TO
220 CONTINUE
CMAX = YP(NP+1) ¢ 6.%YP(NP+2)
D0 230 IJ=14NOUT
IFLTOUT(IJ) LLE.CMAX) GO TO 240
230 CONTINUE
IJ =1
240 [BEG = 1J
DO 250 IJ=1,NOUT
IF(X0UT{IJ)GE.204) GO TO 260
250 CONTINUE
IJ = NOUT
260 IEND = IJ
NOUTX = 1END - IBEG » 1
TSAVL = TCOUT(IEND+1)
TSAVZ = TOUT(IEND+2)
TOUTUIEND+1) = YP(NP+1)
TOUTUIEND+2) = YP{NP+2)
THPS = XOUTC(IEND+1)
TMP6 = XOUT(IEND+2)
XOUT(IEND+L) = XOUT(NOUT+1l)
XOUT{IEND+2) = XOUTINOUT+2)
CALL DASHPLT(XOUTI{IBEG) »TOUT(IBEG) yNOUTXs1yPAT2)
XDUT(IEND+1) = TMP5
XOUT(IEND+2) = TMP6
TOUT(IEND+1) = TSAV1
TOUT(IEND+2) = TSAV?2
DO 270 IJ=14NOUT
TOUT(1J) = TOUT(IJ)/TO
270 CONTINUE
CALL NFRAME
CALL CALPLT(44541.59-3)
280 IF(IPSLCT(10).,EQ.0) GO TO 300

DENSITY vS§S X

DO 290 IJ=1lyNP

YPUIJ) = RHO(IJ)
290 CONTINUE

CALL ASCALE(YP+b6.3NPy1410,)

IF{RHOMINNE«Q0soOR.RHOMAX<NE«Oos) YP{NP+l) = RHOMIN

IF(RHOMINONE 04« OR.RHOMAX < NEoOs) YP(NP+42)} = (RHOMAX = RHOMIN)/6.

CALL AXES{O4s0e90c9Ba s X{INP+L)sXINP42)ylasO0un

1 1HX90,24-1)

CALL AXES(0¢904390096apYPINP+1}oYP(NP+2) g1l.s00ey

1 3HRHO:0.243)

CALL LINPLT{X9sYPsNP2140s0y0,0)

CALL NFRAME

CALL CALPLT(4.591.54=~3)
300 IF(IPSLCT(13).EQ.0) GD TO 340

MACH NUMBER VS X

CALL ASCALE(OUTMACy6.sNOUT,1510.)
IF(XMMIN.NE, 0, sOR.XMMAX NE+Os) OUTMAC(NOUT¢1) = XMMIN
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ORIGINAL PAGE 13
OF POOR QUALITY

IFUXMMINGNE e 0¢ s ORoXMMAXNEoCe) OUTHMACINQUT+2] = (XHMAX = XMMIN}/6.

CALL AXES{0e10090e9B8eaX{NP1)yX{NP+2)9lasD0ey
1 1HXs0.24-1}

CALL AXES(0o900390¢9649OUTMACINOUT+1)90UTMACINOUT*2) 91es00y

1 4HMACH+C.244)

D0 310 TJ=1,NOUT
IF(OUTMAC{IJ).GE.OUTMACINOUT+1)) GO TO 320
CONTINUE

1 = 1

NOUTX = NOUT - TIJ + |1

CALL LINPLT(XOUT{IJ)sOUTMAC(IJ)9yNOUTX919050,0,0}
D0 330 lJs=l.NP

YP{1J) = QUTMCHILJ)

CONTINUE

YP(NP+1) = CQUTMACI{NOUT+1)

YP(NP+2) = OUTMAC(INOUT+2)

CALL LINPLT(XsYPsNPy150+04040)

CALL NFRAME

CALL CALPLT(4.551459~3)
IF{IPSLCTI1).EQ. 0. AND.IPSLCT(14).EQ.0) GO TO 400

NORMALIZED PRESSURE VS X

D0 350 IJ=1.NP

YP(IJ) = P(IJ)}/PO

CONTINUE

TMP1 = YPINP)

YP(NP) = AMINL(PINP)/POsPOUT(NOUT})

CALL ASCALE(YP,6.9NPy1410.)
IF(PMINJNE,Cs s ORPMAX.NE(O.) YPINP+Ll) = PMIN
IF(PMINGNE.O.s e ORPHAXNECO.} YP(NP+2) = (PMAX~PMIN)}/b.
YP(NP) = TMPL

CALL AXES{QOs90s900sBooX{NP+L1)yXINP*+2)91la900y
1 'D(ISTANCE )JACLONG IN(OZZILE Xy M) "90.29-32)
CALL AXES(Des04390.964sYP(NP+L1)sYP{NP+2)91490.y
1 "NUORMALIZED )S(YATIC )P(RESSUREs P/P$DOD)',
2 0.2940)

CALL LINPLTIXsYPsNP+1+0+050+0)

TMPL = X(NP+l)

THPZ = X{NP+2)

THP3 = YP(NP+1)

TMP4 = YPINP+2)

XOUT(NOUT+1} = THMP1

XOBUTINQUT+2) = THP2

POUT(NOUT+1) = THP3

POUTINOUT+2) = THMP4

CMAX = YP(NP+1) + 6.*YP(NP+2)

DO 360 IJ=1sNOUT

IF(POUTI(IJ}LE,CHAX) GO TO 370

CONTINUE

I =1

370 NOUTX = NOUT = IJ ¢+ 1

380
390

400

410

CALL DASHPLT(XQUT(IJ}sPOUTHIJ) yNOUTXs1sPATy2)
IF(NEXP.EQ.C) GO TO 390

D0 380 IJ=l,NEXP

XPLOT « XEXP(IJ)/39,37

XPLOT = {XPLOT = X{NP+1})/XINP+2)

YPLOT = PEXP(IJ)}/PREF

YPLOT = (YPLOT = YPINP+11)/YP(NP+2)

CALL PRNTPLTIXPLOT,YPLOTy1s1)

CONTINUE

CONTINUE

XPLOT = (X22 = X(NP+1))}/X{NP+¢2)

YPLOT = (Y22 - YP{NP+L)1/YP(NP+2)

CALL PNTPLTU(XPLOT,YPLOT,901,1)
IFCIPSLCT{14).NELO) GO TO 400

CALL NFRAME

CALL CALPLT(4.551.54-3)

IFCIPSLCTI3) JEQ.O.AND.IPSLCT(14),EQ.0) GO TO 440

NORMALIZED TEMPERATURE VS X

DO 410 IJ=14NP

YP{IJ) = T(IJ)/TO

CONT INUE

TMPL = YP{NP)

YP(NP) = AMINI(T(NP}/TO,TOUT(NOUT))

CALL ASCALE(YPs6e9NPs1410.)
IF{TMINANE.OesOR.TMAXNE«Os) YP(NP+1l) = TMIN
IF(TRIN.NE,0esOR.TMAX.NE.Os) YPINP+2) = (TMAX-TMIN)}/b.
YPINP) = THMPL

IFUIPSLCT(3)«NE.O)
ICALL AXES{0s90030e9Be s XINP+1) o X(NP+2)3s1la900s
1 1HXy0e29=1)
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4350

460

470
480

490

500

510

520

ORIGINAYL PACE IS
OF POOR QUALITY]

IF(IPSLCT(3) NELO)
1CALL AXES{0e 30619049603 YPINP#1)9YP(NP+2) 914900y
1 4HT/T04,0.244) .

IF(IPSLCT{14}.NE.O}
1CALL AXES{=1ae90:s990¢96.)YPINP+L)yYPINP42) 914904
1 4HT/T040.294)

CALL LINPLT(XsYPyNP4s140+0+0,0)

THPL = X{NP+1)

TMP2 = X(NP+2)

TMP3 = YP{NP+l)

TMP4 = YPINP+2)

XOUT(NOQUT+1) = TMP1

XOUT(NQUT+2) = TMP2

TOUT{NOUT+1)} = TMP3

TOUTINQUT+2) = TMP4

CMAX = YPINP+1l]) ¢+ b6.,%YP(NP+2)

DO 420 TJ=1sNOUT

IF(TOUT(IJ}.LE.CHAX) GO TO 430

CONTINVE

1J = 1

NOUTX = NOUT = IJ + 1

CALL LINPLT{XDUT(IJS)»TOUT(IJ) ¢sNOUTXsL190s0+0+0)
IF(IPSLCTIL14).NEL.O) GO TO 440

CALL NFRAME

CALL CALPLT(44591454-3)
IFCIPSLCT(12).EQ.0.AND,IPSLCTI14),EQ.0) GO TO 510

FLOW VELOCITY V¥V5 X

DO 450 1J=1,4NP

YPIIJ) = ULIJ)

CONTINUE

CALL ASCALE(YPs6.9NP31910.)
IF{UMIN.NE. Q¢ sORLUMAX.NE,OWs) YPINP+1l]} = UMIN
IF(UMINNE. Qe o OR,UMAX NE. Qo) YPINP+2) = (UMAX -~ UMIN)/G6.
UOUT(NOUT+1) = YPINP+1)

UOUTINOUT+2) = YP(NP+2)

IFCIPSLCT(12) .NELC)

1CALL AXES(Oe90as0e98syXINP+L)oXINP+2)21le90ec
1 1HXs0.25-1)

IF{IPSLCT(12).NE.O)
1CALL AXES(O0e30s99009049YPINP+L)} 4 YPINP+2) 310904y

1 1HUy0.241)

IF(IPSLCT(1l4).NE.O)
1CALL AXES(=24900590e364sYP{NP+1)yYPINP+2) 91ley0uy
1 1HU»04291)

CALL LINPLT(XsYPsNP919030+04+0)

DO 460 IJ=1,NOUT

IF(UOUTITIJ) «GE«LYP(NP+L)+6.*YP{NP+2)})) GO TO 470
CONTINUE

NOUTY = NDUT

GO TO 480

NOUTY = [J - 1

CONTINUE

DD 490 IJ=1,NOUT

IF(UOUT(IJ)+GE.YP(NP+1)) GO TO 500

CONTINUE

14 =1

NOUTX = NOUTY -~ IJ ¢ 1
XOUT(NOUTY+1) = XOUT(NQUT+1)
XOUTINOUTY+2] = XOUTINOUT+2)
UOUT(NOUTY+1} = YP(NP+l)

UBUT(NOUTY+2) = YP(NP+2)

CALL LINPLT{XOUT(IJ)sUOUTIIJ)sNOUTX91+0+04+0,0)
CALL NFRAME

CALL CALPLT{4.5+1.549-3)
IF{IPSLCT(4)¢EQ.0«AND.IPSLCT(15).EQ.0} GO TO 530

MASS FRACTION vS X

NPM = NP - 1

DD 520 IJ=1,NP

YP(IJ) = ¥YS(IJ)

CONTINUE

CALL ASCALE(YPy649NP3Ls10s4)
IF(YMINONE«OesOReYMAX I NE.Os) YP(NP#1l) = YNIN
IFIYMINJNE«Oo¢sORcYMAX4NEOo) YPINP+2)} = (YMAX-YMIN}/6.
CALL AXES{O490e9DesBo o X{NP+1)9XINP*2)yles04>
2 "D{ISTANCE )A(LONG IN(OZZLE Xy M)'40.29-32)
CALL AXES(0e30+990436¢sYPINP+1)sYPINP+2) 310904
1 "M(ASS )F(RACTION OF JLIIQUID IW(ATERy ) ',
2 0.2940)

CALL LINPLT{XsYPyNPs13050404+0)
IF(IPSLCT(15).NE.O) GO TO 530
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CALL NFRAME
CALL CALPLT(4¢591459~3) .
530 IF(IPSLCT(5).EQ.0.AND.IPSLCT(15),EQ.0) GO TO 580

TEMPERATURE DIFFERENCE VS X

DO 540 IJ=1lsNP
YP(IJ) = TS(IJ) - T(1I)
540 CONTINUE
CALL ASCALE(YP»6.9NP»1s10.)
IF{DTMINNE+CsosOR.DTHAXsNEoOs) YP(NP+1) = DTHIN
IF{DTMINJNE.Oos s OR.DTMAXeNEsOes) YP(NP+2Z]
1 = {(DTMAX - DTMIN)/6.
IF(IPSLCT{(5).NE.O)
1CALL AXES(0es0s30es8asXINP+L1)oX{NP+2) slevO0es
1 1HXy0.29-1)
IFUIPSLCTI(5) «NELO)
1CALL AXES(Oes0e9900960 g YPINP+1o) 9y YPINP+2) 914900y
1 6HDELTAT,0.246)
IF{IPSLCTIL5)NELD)
1CALL AXES(=1¢904990096¢sYPINP+Lo)oYPINP+2) 910904y
2 "T(EMPERATURE )D(IFFERENCEy )T$D(S)SNI{S(PSDISNS)-)TSDGSNy K’y
3 0.2458)
CALL LINPLT(XsYPsNP3»190+040+0)}
DO 550 IJ=1yNOUT
IFIXOUT(1J).GE.X(1}) GO TO 560
550 CONTINUE
NOUTX = NCOUT
60 TO 570
560 NOUTX = 1J
570 CONTINUE
DELTTI(NOUTX+1l) = YPI(NP+1l)
DELTTI(NOUTX+2) = YPINP+2)
XOUT(NOUTX+1)=X{NP+1)
XOUTINOUTX+2)=X{NP+2)
CALL LINPLT(XOUTDELTT9NOUTXs190+0,040)
IF(IPSLCT(15).NE,O) GO TO 580
CALL NFRAME
CALL CALPLT(4.5+1.5+-3)
580 IF(IPSLCT(6).EQ.04AND IPSLCT{15),EQ.0) GO TO 610

NUCLEATION RATE VS X

D0 590 IJ=14NPN
YP(IJ) = CAPPJI(IN)
590 CONTINUE
CALL ASCALE(YPy649NPMy1410.)
IF(DNMINJNE <O« «OR«ONMAXeNE«Os) YPINP)} = DNMIN
IF{DNMINCNE«Oo sOR«DNNAX NE,Os) YP(NP+1)
1 = (DNMAX - DNMIN)}/6.
DO 600 IJ=1,NPN
IF(YPUIJ)oLEL1O.**ONHIN) YP(1J) = LO.**DNMIN
YP{IJ) = ALOGLOUYP(IJ))
600 CONTINUE
IFCIPSLCT(6).NELQ)
LCALL AXES(O0e90090098eaXINP21)oX(NP+2) 41le904
1 1HX90.2,-1)
IFUIPSLCTI6) «NELO)
ICALL AXES(04902990095<sYPINP)sYP{NP+1) 324904y
1 6HLOG(J)y0.246)
IF(IPSLCT(15).NELO)
1CALL AXES(=2+40499009609YPINP)»YPINP+1) s24y0uy
1 'N(UCLEATION JR(ATE, $2L$30¢ )Jy D(ROPLETS /HSU3SN=5) "y
2 0.24+51)
CALL LINPLT(X(2) 9y YPyNPMy1+0909040)}
CALL NFRAME
CALL CALPLT(445+1459-3)
610 IF(IPSLCT(11).EQ.0Q) GO TOQ 630

ENTROPY PRODUCTION V5 X

DD 620 TJ=14NP
YP(IJ) = S(IJ) - 50O
620 CONTINUE
CALL ASCALE(YPs649NP3s1y10.)
IF{SMINGNE«Ds ¢OR.SMAX.NE.O,} YP(NP+1l) = SMIN
IFUSHINONE«OcoORSHAX.NE«O:) YP(NP+2) = (SHAX = SMIN}/6,
IFCIPSLCTIL1).NE.O) '
1CALL AXES(0e9009009B8asXINP+L) s XINP+2) 912904y
2 "OUISTANCE JA(LONG IN(DZZLE X» M}'+0.2,-32)
IF{IPSLCT(11).NE. Q)
1CALL AXES(0e10499049609YPINP+1)9YPINP+2) 314904y
1 "EINTROPY )P(RODUCTION, )$4D83(5y ) J/(KG)=K",y
2 042442}
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ORIGINAL paAss iS5
OF POOR QUALITY;

CALL LINPLT(XyYPyNP+1403040+0)}

CALL NFRAME

CALL CALPLT(4,5y1.54-3)

CALL NOTATE{O¢95¢5+0s169 " TSD(SISN(S(PSDLIINS)~ITSDGIN"»0.527)
CALL NOTATE(O.94¢590.169°%J%90.41)

CALL NOTATE(Oe93+5104169"(W)"y0403)

CALL NOTATE(Oe92:590.169 ' (SATURATION)"40.y12)

CALL NOTATE(O+9145504163*(R)SDSSN"40,48)

CALL LINPLTIPATXsPATY s2+919050+0,+0)

CALL NOTATE(L1e790+5904169" (NUCLEATION AND CONDENSATION)'y0.929)
PATY(L1) = PATY(1l) = 0.5

PATY(2) = PATY{2) =~ 0.5

CALL DASHPLT(PATXsPATY2,14PAT 2}

CALL NOTATE(1.730s90s169 " CISENTROPLIC WITHOUT CONDENSATION)'»0.,33)
CONT INUVE

RETURN

END
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OE POOR QUALITY,

1 SUBROQUTINE PRTOUT{IP,IL)
2 c
3 C SUBROUTINE PRTOUT GENERATES PRINT OUTPUT OF THE
4 c PROGRAM RESULTS
5 c
[ OIMENSION HLI3{400),5LI3({400),Y1J3(400)
7 COMMON/CMOUT3/NENT
8 COMMON/GAMOUT/GANBAR
9 COMMON/ INPT/TOyPO 4 XLAST ¢ PHI1RHCyRNO
10 COMMON 13sJ34A30400) X3 (400) yDELN3{400)sCAPIX3(400) 4R3I (400),
11 1 MU3(400),TL3(400)9T3(400),P3(400)4sRSTARI(400),
12 2 U3(400)553(400)55L3(400)sHL3(400) RHO3{400),
13 3 CAPJY3{400)sF31400),63(400),YS3(400),
. 14 4 DELY3(400),DELS3{400),RPERM31{400),753(400)
: 15 5 yOUTMCH(400),CAPPJ{400)
16 REAL MU2
. 17 COMMON/CUT1/50 yHOyMDOT yRHOSTR,TSTAR
: 18 REAL MDOT
H 19 COMMON/CMOUT1/NENTRY s DT9sRHOO9 TLsH1pULsUSTAR sURHO»RHOFL
: 20 COMMON/SIGCOM/SIGMALL10)4S1GsPSUPO
: 21 COMMDON/ QUT2 /U2 yRHO29CAPJ29T2,P2RSTARZ9X29A2+S5162(11},0UNC
z 22 COMMON/ADJUST/GAMMAL sQCoALPHAZBETASDSTAR)ASTAR,DT 2y
R 23 1 JMINyDELXEPS(8) ¢ I0UTHDT1;CVRAT,ARATJSTOP+JDBsCP4CPL
. 24 REAL JMIN
_ 25 COMMON/SWITCH/SWEND 9 SWPOsSWGO
26 CUHHUNICHUUTZ/NE'TZNuSIGHAX,UZﬂvRHO;P'PINFsPBARoTRnHZHvRSTARlCAPLI
- 27 1 PHIsJ
- 28 REAL J
_ 29 INTEGER SWENDSWPOySHWGD
- 30 DATA N2/0/
. 31 DATA IFLG/LM/
_ 32 C
B 33 1 FORMAT(1H1,20X,14HPART 1 SUMMARY///
34 1 1HO,17X%Xs9HSO = 3 1PE16.8/
- 35 2 1HOy17Xy9HHO = 41PE1l6.8B/
- 36 3 1HO» 17Xy9HMDOT = 31PEL6.8/
B 37 4 1HOy 17Xy 9HRHO® = 41PE16.8/
38 5 1HO»17X,9+T# = 41PEl6.8/
39 6 1HOW 17Xy 9hHU* = 31PElb.8/
40 7 1HO917X39HSIGMA = 41PE16.8/
= 41 8 9(1HO»26Xy1PEL6.B/))
= 42 2 FORMAT{1H1,20Xs22HPART 1 EXTENDED OUTPUT///
= 43 1 THO 94Xy 4Xe5H A% 39X 3HHO 99Xy 5HRHOO 99X93H50 410Xy
= 44 2 3HRHO91L1Xy1HTp12Xs1HH 12Xy 1HU » 10Xy 5SHUSRHO 38Xy 6HGAMMAL/)
3 45 3 FORMATU(3Xy10(1PEL3.5))
E | 46 4 FORMAT(1H120Xs14HPART 2 SUMMARY///
- 47 1 L1HO» 17Xs9HU = 41PE16.8/
= 48 2 1HO, 17X 49HRHD = 31PE16.8/
_ 49 3 1HOy17Xs9HJ = 41PEL16.B/
. 50 4 1HOy17Xs9HT = 41PELG6.B/
. 51 5 1HO 417Xy 9HP = 91PELl6.B/
52 6 1HOy17Xs9HRY® a ,1PEl6.8/
_ 53 7 1HO917Xy9HSIGMA = ,1PE16.B/
. 54 8 9(1HO0y26X91PEL6.8/)) ’
— 55 5 FORMAT(1H1,20Xs22HPART 2 EXTENDED OUTPUT//)
56 6 FORMAT(
57 1 1HO 94Xy 4Xs 4HT/TO» 11X 9 LHHs12Xy LHU 311Xy 3HRHD 99X 4HP/PO 93X 5H PINF,
58 2 BXy4HPBARs 11Xy lHX 910Xy 6HGAMMAL)
59 7 FORMAT(
60 1 1H 94Xe5Xy3H TRy IX96HSTGMAXy BXs5SHRSTAR LOX s1HL 9 11Xy IHPHI
61 2 11X41HJ)
e 62 8 FORMAT{(1H1,2CXs14HPART 3 SUMMARY///
. 63 1 1HO»4Xs6X s 1HX 2 10Xs 4HP/POy Xy 4HT/TO
- 64 2 10X92HI=3s11Xs2HJ 439Xy 4HDELNy 11Xy 1HU»12Xs1HY 410Xy AHDELS/)
- 65 9 FORMAT(1H1,20X922HPART 3 EXTENDED OUTPUT//)
- 66 10 FORMAT(14,9(1PE13.5))
67 11 FORMAT(1HL)
68 12 FORMAT(//5%Xy4HJ = 51545X94HX = 41PEL3.5,
69 2 SXe4HT = 1PEL6.8//7X92Xs1lHI
. 70 1 8XelHRy11Xy2HAUy 11X 9 3HHLT 9 10X 9 IHSLT 9 1OX»2HTLs 10Xy 3HYIJ/)
- 71 13 FORMAT{S5XsI546(1PEL3.4))
. 72 14 FORMAT(SH R = ,1Xy9(1PE13.5)/30(6Xs3(1PEL3.5)/))
- 73 15 FORMAT{
o T4 1 1H 92X o HJpIXg3Xs6HTU L) g TXo6HP {41} s TXy6HULI+1) 9 TX46HY(Jo1 )y
. 75 2 TXp6HSUJI €LY 37Xy THSLUJ4L) o 6Xg THHLEO J# 1) 96 X9 6HX(J41) 37Xy 6HA LI+ 1))
— 76 16 FORMAT(5Xy2XsBHRHO(J#1) 34Xy 1OHRSTARL J+1) s4X99H DELYUJ) »
17 1 AXy9H DELN(J) 95X THTS{J41) 9y4XeBHCPL{J+1)} s TXy 6HGANMAL)
78 17 FORMATI(4X39(1PEL3.5))
- 79 C
— 80 IFINENTRY.EQ.1l) NLINE = O
) 81 GO TO (20440,70),IP
82 C
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[z X2 Xz] [e Xz Xz 2 Xz X3} [sXs Kz

[2XzXel

(s R aN o}

[sReNg]

o0

20

30

40

50

60

70

80

90

PART 1 OUTPUT

CONTINUE
IF(IL.NE.Q) GO TO 30

STANDARD OUTPUT

WRITE(691) SO9HO9MDOTyRHOSTR, TSTARJUSTAR,S IGMA
G0 TO 140

CONTINUE

IF{IL.NE.2) GO TO 140

DEBUG OUTPUT

IF(NENTRY.EQe1.OR.NLINE.EQ.O) WRITE{6s2)
IF(NLINE.EQ.C) NLINE = ¢

NLINE = NLINE + 1

IFINLINE.GT.45) NLINE = 0

WRITE(6+3) ASTARyHOsRHOO»SOsRHOFLsT1sH1,UL,URHO)GAMBAR
GO TO 140

PART 2 OUTPUT

CONTINVE
IFU{IL.NE.O) O TO 50

STANDARD OUTPUT

WRITE(694) U24RHO2»CAPJ24T24P2,RSTARZ,S51G2
GO TO 140

CONT INVE

IF(IL.NE.1) GO TO 60

EXTENDED OUTPUT - 1

IFINENTRY.EQ.1.DR.NLINE.EQ.0) WRITE(0bs5)
IF(NENTRY.LT.N2) IFLG = 2

IF(NLINE.EQ. Q) WRITE(6,46)

IF(NLINE.EQ.C.AND. IFLG+EQe2) WRITE(6,7)
IF(NLINE.EQ.0) NLINE = NLINE + 6
IF(NLINE+EQs6+AND.IFLG.EQs2) NLINE = NLINE ¢ 1
NLINE = NLINE '+ 1

IF(NLINE.GT,45.,AND.IFLG.EQ.1) NLINE = ©

XTT = T2W/TO

PP = P/PO

WRITEL693) XTTyHZWsU2WoRHO9PP+P INFyPBARy X2y GAMBAR
N2 = NENTRY

GO T0 140

CONTINUE

EXTENDED OUTPUT = 2
NLINE = NLINE + 1
IF(NLINE.GT+45) NLINE = @
WRITE(693) TReySIGMAXsRSTARyCAPLsPHIsJ
60 TO 140

PART3 QUTPUT

CONTINUE

IF(IL.NE.O) GO T0 120
STANDARD OUTPUT

WRITE(6,8)

NLINE = &

JIML = J3 -}

D0 80 I=1,J3M)

IF(NLINE.EQ.C) WRITE(648)

IF{NLINE.EQ.0) NLINE = NLINE ¢+ 6

NLINE = NLINE + 1}

IF(NLINE.GT+45) NLINE = 0

PP = P3(I1/PO

TT = T3(1)/T0

WRITE(6,43) X301) 9PPyTToCAPIXI(TI)oCAPIYIUID 4 DELN3(T)5U3(1),YS3(])
1 H»DELS3(I])

CONTINUE

IF(IL.NE.100) GO TO 120

REWIND 7

WRITE(6y11)

CONTINUE

READI7+END=100). JJJs(R3CIDoMUICTI)oHLIZUTIDsSLIZ(I)TLILI)yYIJ3CI)
1 5I=1,3J0)

100 IF(EOF(7).NE.O) GO TO 140
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WRITE{6912) JJJeX3(JJJ)»TI(JJJ)

DO 110 I=1l,JJJ

WRITE(6913) IyRICIDSHUICTI)oHLIZ (I oSLIACI),TLILID YIS
CONTINUE

G0 TO 90

CONTINUE

DEBUG QUTPUT

IF(IL.NE.L) GO TO 130

IF{J3.EQ.1) NLINE = 0

IF(NLINE.EQ.0) WRITE{6,49)

IF(NLINE.EQ.0) WRITE(6,15)

IF(NLINE.EQ.O) WRITE{(6,16)

IF(NLINE.EQeC) NLINE = NLINE ¢ 9 ¢ (J3e1}/9

WRITEU6,10) J35T3(u3¢1)4P3{J341)yU3(J341),Y531J3+1)953(J3+1)»
1 SL3(J3+41)yHLI (I3 +1)aX31J3¢1)9A2(J3+1)

WRITE(6917) RHO3({J3+1) yRSTAR3(J3¢1)DELYI(JI3)4DELN3(J3)y
1 T53(J3+1)9CP1,GAMBAR

WRITEL6s14) (R3I(IJIKLI9IJKL=1,4J3)

NLINE = NLINE + 3 + (J3+1)/9

IFINLINE.GT.45) NLINE = O

60 TO 140

CONT INUE

CONT INVE

RETURN

END

SUBROUTINE SATTEM(TSsPX)
SUBROUTINE SATTEM CALCULATES THE SATURATION TEMPERATURE

COMMON/S IGCOM/SIGMA{LO0)»STIGHPSUPO
COMMON/ADJUST/GAMPAL,QCyALPHA+BETAWDSTAR,ASTAR,DT 2,

1 JMINSDELX4EPS(B),I0UTsDTLyCVRAT)ARAT»J4STOP9JDBWCP4CPL
REAL JMIN

SOLYE EQUATION (57) FOR T

TOLD = 300.

ALOP = ALOG(PX#SIGHAL(L)}/SIG)

CONTINUE

F = 55,897 = 6641.7/TOLD = 4,4864%ALOG(TOLD) — ALODP
FP = 6641.,7/TOLD®%2 — 4,4864/T0LD

TNEW = TOLD - F/FP
IF(ABS{TNEN-TOLD)/TOLDLLT.EPS(1)) GO TO 20
TOLD = TNEW

60 70 10

CONTINUE

TS = TNEW

RETURN

END
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SUBROUTINE XVSAUALST»XLST}

SUBROUTINE XYSA CALCULATES THE X POSITION IN THE
NOZZILE AS A FUNCTION OF AREA

ACOEF CONTAINS THE SPLINE COEFFICIENTS DETERMINED
BY THE LIBRARY ROUTINE CSDS

COMMON/ARECOM/NA s XA +ACDEF

DIMENSION ACOEF{1044)

OIMENSIDN A{10)
COMMON/CONST/TCoKsCAPRyM1 W (10} +RHOL sRBARyPI9ALPHAC
REAL KiM1
COMMON/ADJUST/GAMMALsQCoALPHALBETAyDSTAR9ASTAR,DT 2

1 JMINJDELXSEPS(8)yI0UTsDTL4CYRAToARAT,yJS5TOP»JDBsCPoCP1
REAL JMIN

DIMENS ION XA(10)

DO 10 I=1,NA

AUI) = ACOEF(I,1)

ALI) = PI®A{])e%2

CONTINUE

AREA = ALST

RBARX = SQRT(AREA/PI)

NPD = NA-1

DD 20 IJ=14NPD
IF(AREAZGE«A(TJ).AND.AREA.LE.A(IJ+1})) GO TO 30
CONTINUE

IJ = NPD

CONTINUE

HOLD = 0.5¢(xA(IJ+1l) = XA(IJ))

CONT INUE

FXX = ((ACOEF{IJy4)*HOLD ¢+ ACOEF(I1J93))®HOLD
1 ¢+ ACOEF(JJs2)}*HOLD + ACOEF(IJsl}

FXX = FXX = RBARX

FXXP = (3,%ACOEF(IJs4)#HOLD ¢ 2.%ACOEF(I1Jy3))*HOLD
1 + ACOEF(IJy2)

HNEW = HOLD ~ FXX/FXXP

IF(ABS (HNEW=HOLD)/HOLD.LT.EP5(8)) 60 TO 50
HOLD = HNEW

GO TO 40

CONTINUE

XLST = XA{IJ] + HNEW -
IF(AREALLTLA{L)) XLST = (AREA/A(L})*XA(l)
RETURN

END
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Table 1. Conditions for Numerical Results

[For all cases: ¢ =1, a =8, ac =1, §=2, and Jp,j, = 1015]

Case T,, K Po, bars ¢ YH,0
1 1900 50 0.798 0.154
2 1900 250 797 .154
3 1600 50 .620 122
4 1600 250 .620 122
5 1900 250 427 .156

Table 2. Nozzle Coordinates for Langley 8 HTT and Computed
Boundary-Layer-Displacement Thickness

6%, m, for—

T,m Tw, M Case 1 Cases 2 and 5 Case 3 Case 4
0 0.0710 0 0 0 0

.0860 .0714 0 0 0 0
2.5400 .3538 .0072 .0059 .0073 .0060
5.4703 6911 .0271 .0213 0275 0217
6.4230 7938 .0358 .0281 .0363 .0286
9.8560 1.0434 .0670 .0523 0675 .0528
12.8949 1.1660 .0911 0713 .0916 .0718
15.7116 1.2192 .1089 .0851 .1093 .0855
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Figure 2. Numerical results for case 1 with T, = 1900 K, p, = 50 bars, and ¢ = 0.798.
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Figure 3. Numerical results for case 2 with T, = 1900 K, p, = 250 bars, and ¢ = 0.797.
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Figure 4. Numerical results for case 3 with T, = 1600 K,
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Po = 50 bars, and ¢ = 0.620.
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Figure 5. Numerical results for case 4 with T, = 1600 K, p, = 250 bars, and ¢ = 0.620.
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